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ABSTRACT
Characterizing venom gene expression, function and species diversity in predatory marine snails
of the Terebridae
by
Juliette Gorson

Advisor: Mandë Holford

The Terebridae is a group of predatory marine snails that use their venom to feed on marine
annelids. Similar to other venomous organisms, the Terebridae have evolved over millions of
years, diverging from their closest relative in the Paleocene era. This thesis investigates what is
driving terebrid evolution and species diversification by applying a multidimensional approach to
examine terebrid phylogeny, diet, and venom gene expression. The Terebridae are an ideal group
for a case study in venom evolution and species diversification, as the ~ 400 described terebrid
species are globally distributed, are highly representative of a broad range of foregut anatomies
and produce venom peptides not found in any other venomous animal lineage to date. To provide
robust hypotheses for terebrid evolution it is imperative to reconstruct a reliable phylogeny. In this
thesis, an interdisciplinary approach using molecular and morphological characters was applied to
reconstruct a valid working phylogeny of the Terebridae (Chapter 2). The phylogeny constructed
was then used as a road map to inform questions about terebrid evolution and speciation. We
identified planktotrophy as the ancestral larval state in terebrids, while lecithotrophy has evolved
on at least 18 occasions and is moving towards a (small) size optimum. We also found that there
is no difference in across clade diversification rates, but there is a slow increase in diversification
rates over time. We determined that foregut anatomy, or the evolution of a venom apparatus, is not
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influencing diversification rates in the Terebridae. While the venom of other venomous snails,
such as cone snails, have been extensively characterized, the venom of terebrids is relatively
unknown and this thesis has provided the groundwork to elucidate Terebridae venom evolution
and variation using next generation transcriptomic sequencing (Chapter 3). Specifically, it was
discovered that the venom of the Terebridae is highly divergent from other mollusks and contains
venom peptides that are unique in their structure and function. Like their venom, the diet of the
Terebridae is poorly studied and this thesis presents the first molecular analyses of terebrid diet in
relation to venom variation using gut metabarcoding (Chapter 4). We identified 18 species of
worms in the gut of 17 terebrids, providing a foundation for exploring diet as a driver for terebrid
species diversification. Finally, novel terebrid venom peptides (teretoxins) were examined by a
series of functional assays to determine bioactivity (Chapter 5). This work provides the first
functional bioactivity of two new teretoxins in relation to pain and diet, suggesting that these
peptides may act as antinociceptive and orexigenic agents. The integrated methods applied allowed
for the investigation of terebrid venom gene evolution and variation at a macro- and
microevolutionary level. Terebrids are an understudied group in venom research and this
multidimensional approach thoroughly advanced the knowledge of terebrid venom evolution,
clarified questions about what drives venom variation in the Terebridae, and provided comparative
analyses for the convergence of venom throughout the animal kingdom.
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Chapter One
An introduction to venom research
(This chapter has been published as a review article: Gorson, J. and Holford, M. 2016. Small
Packages, Big Returns: Uncovering the Venom Diversity of Small Invertebrate Conoidean Snails.
Integrative and Comparative Biology. 56(5): 962-972.)
Venom is defined as any exogenous substance that is used to elicit an adverse effect in its
target, and as a result a wide range of organisms from notorious snakes to lesser known leeches
and bees are considered venomous (Figure 1.1) (Casewell et al. 2013a; Escoubas & King 2009;
Petras et al. 2015; King 2015). Historically, organisms used in venom research were chosen

Fig. 1.1. Biodiversity of venomous taxa. Phylogenetic reconstruction of the tree of life highlighting venomous
organisms. Grey bars represent the clades that include venomous organisms. Highlighted clades represent the
traditionally studied venomous taxa (scorpions, spiders, snakes, and lizards).
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opportunistically, based on size and ease of collection, which largely focused on vertebrates,
specifically snakes. Two genera of snakes account for almost 40% of all published venom toxin
sequences in elapid snake venom research (Fry et al. 2008). Remarkably, one easy to collect genus
(Naja) has been used to identify 40% of all three-finger snake venom toxins (3FTxs) sequenced.
Only three studies have used harder to milk and less studied, non front-fanged snakes to investigate
3FTx bioactivity (Fry et al. 2003; Pawlak et al. 2009, 2006; King 2015). The venom research
strategy of size and accessibility can neglect the ecology, morphology, or evolutionary relatedness
between organisms, resulting in a diversity of venomous animals, such as invertebrates, being
effectively ignored (Puillandre & Holford 2010; Bjoern von Reumont et al. 2014; Modica &
Holford 2010).
Invertebrates are underrepresented in venom research. Spiders, which are the most diverse
group of venomous animals, with about 45,000 species, make up less than five percent of all venom
research studies (Nentwig 2013). Analogous to the within taxa bias seen in snakes, of the 17,000
species of scorpions described, only ~50 species have had their venom investigated (King 2015).
It can be argued that the venom research bias existed largely due to lack of technological methods
for effectively collecting and characterizing small quantities of venom. The deficiency of
invertebrates has led to a dearth of information that has hindered venom research. However, recent
technological advancements in the field of molecular biology and proteomics has increased the
representation of marine cone snails, sea anemones, bees and ants in venom studies (Norton &
Olivera 2006; Moran et al. 2008; Barlow et al. 2009; Zhang et al. 2015; Sanggaard et al. 2014;
Casewell et al. 2013a). Extensive research on a broad range of organisms is imperative in order to
effectively derive and test hypotheses about venom as it relates to species diversification, predatorprey interactions, and to describe the immense biodiversity of animals found on Earth (Figure 1.1).
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Rise of -omics
Early research on venom relied heavily on identifying proteins using Edman Degradation
and mass spectrometry (MS) (J R Perkins, Smith, et al. 1993; J R Perkins, Parker, et al. 1993). In
conjunction with fractionation, MS allowed for the separation and identification of individual
venom components. Development of soft ionization methods in the late 1980's, such as
electrospray ionization (ESI) (Fenn 2003)and matrix-assisted laser desorption (Tanaka 2003;
Karas & Hillenkamp 1988) have revolutionized biological research. In particular, the ability to
identify proteins directly from mass spectrometry data, is a powerful capability that soon
demonstrated to be crucial for analyzing venoms. Quickly thereafter, research groups started to
implement MS techniques to characterize snake venom (John R Perkins et al. 1993; J R Perkins,
Smith, et al. 1993). MS approaches also enable the identification of isoforms of venom peptides,
slight variations in sequences, and post translational modifications (Safavi-Hemami et al. 2014;
Craig et al. 1999; Escoubas et al. 2008; Petras et al. 2015). Recent advancements in MS protocols
have produced what are referred to as Top-Down methods, in which whole intact venom
components can be identified (Anand et al. 2014; Ueberheide et al. 2009; Breuker et al. 2008;
Sunagar et al. 2015). Although groundbreaking, in some organisms a proteome-only MS approach
can be problematic. MS requires extraction of venom, which is impractical for organisms that do
not readily store venom for delivery and other organisms that have hard-to-access venom delivery
systems, which prevents stimulation or extraction (B M von Reumont et al. 2014). Additionally,
MS methods for determining primary venom peptide sequences are largely dependent on
downstream data analyses of source databases, such as Mascot or Genbank (Perkins et al. 1999;
Bhatia et al. 2012). For model organisms with a rich complement of sequence databases, such as
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humans, mice, or drosophila, this is not an issue. In the case of non-model organisms, the
application of MS methods for primary sequencing is severely limited by the database used. Nonmodel systems generally require de novo sequence assembly and source databases that are either
missing or deficient. As a result, an integrated strategy, termed venomics (Calvete et al. 2007;
Calvete 2014; Eichberg et al. 2015), in which MS proteomics is combined with next generation
transcriptomic or genomic sequencing and bioinformatic methods is necessary to validate
characterization of de novo venom peptides found in non-model organisms and to paint the full
canvas of venom evolution and variation (Figure 1.2) (Fry et al. 2013; Sunagar et al. 2015). Using
the multi-omic integrated venomic strategy, venom research has become more accessible to

Fig. 1.2. Venomics: an integrated NGS and proteomic strategy. An
integrated multi -omics approach using genomic, transcriptomic,
bioinformatic, and proteomic protocols to identify venom proteins and
peptides. Application of a combined -omics strategy validates de
novo venom peptide/protein identification and provides robust data to
test hypotheses related to venom evolution and ecology. The sequences
shown at the bottom are an example of a validated peptide database
obtained from NGS and proteomics.
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smaller, harder to collect, and understudied venomous taxa. The integrated venomic strategy has
also broadened the scientific community engaged in venom research from traditional chemists and
pharmacologists looking for bioactive compounds for drug discovery and development, to
evolutionary biologists looking for anatomical and molecular characters to understand venom
evolution through various taxa over time (Otvos et al. 2013; Favreau & Stöcklin 2009; Koh & Kini
2012; Elmer et al. 2010; Jouiaei et al. 2015; Duda & Palumbi 1999; Gorson et al. 2015; Moran et
al. 2008; Zhang et al. 2015).
The honey bee, Apis mellifera, was the first venomous organism to have a fully sequenced
genome using Sanger sequencing (Weinstock et al. 2006). Since then, the development of Next
Generation Sequencing (NGS) high throughput techniques has allowed rapid sequencing of other
venomous organisms. The genomes of tarantula Acanthoscurria geniculate (Sanggaard et al.
2014), scorpion Mesobuthus martensii (Cao et al. 2013), velvet spider Stegodyphus mimosarum
(Sanggaard et al. 2014), fire ant Soenopsis invicta (Wurm et al. 2011), and king cobra Ophiophagus
hannah (Vonk et al. 2013) have all been sequenced using NGS technologies. With multiple
platforms available, such as Illumina (Illumina, Inc.), 454 (Roche Applied Science), SOLiD
(ThermoFisher Scientific), and Ion Torrent (ThermoFisher Scientific), genome sequencing of
venomous organisms is becoming both accessible and affordable. However, genomics alone does
not provide enough information for determining the exact mode and tempo of gene expression and
does not give significant insight into differential gene expression within various tissue types
(Sunagar et al. 2015).
While genomics is the study of the complete DNA composition of an organism, venom
gland transcriptomics is the sequencing of mRNA specific to the venom gland or secretory tissue
of a venomous organism and therefore a glimpse at the specific venom cocktail being used at the
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time by the animal (Durban et al. 2011; Dutertre et al. 2014; Gorson et al. 2015; Sunagar et al.
2015). Both transcriptomics and genomics enable the identification of certain domains of a venom
protein, such as the signal and pre-pro regions that are rarely identified on the proteomic level as
they are cleaved off after translation (Kaas et al. 2010; Espiritu et al. 2001; Robinson & Norton
2014; Duda & Palumbi 1999; Sunagar et al. 2015). Employing an integrated venomic strategy has
enabled researchers to resolve previously unanswerable questions, such as identifying a correlation
between varying venom compositions and differences in ecological and environmental factors.
Several studies employing a combined genomics and transcriptomics approach have looked at
venom variation between different developmental stages in snakes (Durban et al. 2013; Gibbs et
al. 2013; Durban et al. 2011). Specifically, proteomics and transcriptomics were used to show
venom variation in various populations of the Southern Pacific Rattlesnake, Crotalus oreganus
helleri in the United States (Sunagar et al. 2014). Lectin β-chains, which are generally undergoing
positive selection, were found to be evolving under negative selection in the C. oreganus helleri
rattlesnake population found on Catalina Island (in the Pacific Ocean) (Sunagar et al. 2014). The
integrated venomics approach used in this study revealed that there can be different evolutionary
selection pressures acting on different venom classes depending on the population site. In another
study that used an integrative venomics approach, it was found that there were significant
differences in the mature peptides being produced in different samples of venom from Conus
consors (Biass et al. 2015). Proteomics and transcriptomics were used to analyze C. consors
venom at three different stages: venom milked from the snail, venom extracted from the venom
gland, and venom expressed in the transcriptome, effectively tracing the venom production and
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delivery process from the venom glad tissue to
the point of venom envenomation of the prey.
The surprising result was that the cocktail of
venom peptides identified in the transcriptome,
in the venom produced within the venom gland,
and in the venom injected into the prey were not
heavily correlated. Each venom compartment
was distinctive in terms of peptide and protein
content. This study emphasizes the complexity of
the venom mechanism of Conodiean snails and
indicates what is being secreted in the venom is
not necessarily the same as what is being
produced in the gland (Biass et al. 2015).
Advances in –omic technologies have
increased the breadth of research being done on
all organisms and have advanced research of
non-model organisms.

Characterizing conoidean venom evolution
and variation
The technological –omics advancements
removed the barrier requiring large amounts of
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Fig. 1.3. Conoidean venom characterization.
(A) A generic representation of the Conoidean
venom apparatus, which includes: a venom bulb
that is contracted to push the venom through the
venom gland, where the venom is being produced,
a radular sac that contains hollowed teeth
(harpoons) that are used to inject venom into the
prey, and a proboscis that extends several times
beyond the snails body size to deliver venomfilled radula to a prey target. Scissors shown
represent the dissection of the venom duct for
downstream analysis by transcriptomic, genomic
or proteomic methods. (B) Identification
of Conus venom peptide superfamilies and
cysteine frameworks. (C) Conoidean venom
peptides selected for bioactivity characterization.
MVIIA is a peptide from Conus magus venom
that produced the ziconotide (Prialt®) drug that is
commercially available. MVIIA is in the O1
conotoxin gene superfamily and has a VI/VII
cysteine framework. Tv1 is a peptide
from Terebra variegata that has a cysteine pattern
similar to the M-superfamily in cone snails and
has an III cysteine framework but has a peptide
fold of antiparallel beta hairpins that is unique to
known venom peptides. Tv1 and MVIIA are very
distinct peptides illustrating the disparate
complexity of Conoidean venom peptides.

crude venom extracts and smaller-sized taxa such as centipedes, certain sea anemones, ants, and
small scorpions have become the focal point of an ever increasing number of venom studies
(Calvete et al. 2009; Xu et al. 2014; Putnam et al. 2007; Cao et al. 2013; Sanggaard et al. 2014;
Moran et al. 2008). One non-model organism that has received a lot of attention using venomic
technologies are the venomous marine snails in the Conoidean superfamily.
Conoidean snails are slow moving predators and therefore rely heavily on the efficacy of
their venom (Azam et al. 2005; Yao et al. 2008; Kendel et al. 2013; King 2015). The dependence
on venom for prey capture has led conoidean venom peptides to achieve incredible molecular
specificity (Olivera 2002; Olivera et al. 2014). Conoideans subdue their prey using a venom
apparatus made up of a proboscis, radular tooth, a radular sac, venom gland, and venom bulb
(Figure 1.3A) (Modica & Holford 2010; Kantor & Puillandre 2012; Kantor & Taylor 2000; Taylor
1990). Cone snails (Conus) are the most studied in the Conoidea (Puillandre et al. 2014, 2015),
however, Conus comprises only ~5% of the biodiverse group of venomous marine snails (Holford
et al. 2009; Olivera et al. 1999; King 2015). Other non-Conus Conoideans, such as the Turridae
(s.l.) family, which has more recently been divided into seven family groups (Bouchet et al. 2011;
Tucker & Tenorio 2009), and the Terebridae family, also produce venom (Aguilar et al. 2009;
Gonzales & Saloma 2014; Heralde et al. 2008; Moon et al. 2016; Gorson et al. 2015). Cone snails
and terebrids dwell in shallow-water tropical marine habitats, while the majority of turrids can be
found at greater depths (>200m) (Taylor 1977). Terebrids and turrids (some less than 3mm in
length) have incredibly small venom ducts, producing limited amounts of venom, which initially
inhibited their characterization. Using an integrated venomics strategy, venom research of
terebrids and turrids has become more feasible (Castelin et al. 2012; Gorson et al. 2015; Kendel et
al. 2013; Gonzales & Saloma 2014; Moon et al. 2016).
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Conoidean venoms are a complex

mixture of small molecules, peptides and proteins (Neves et al. 2015; Norton & Olivera 2006;
Gorson et al. 2015; Gonzales & Saloma 2014). Each Conoidean venom consists of >100 different
peptides which contain a signal sequence, followed by a pro region, and a mature peptide at the Cterminus (Lavergne et al. 2015; Olivera et al. 1999). As cone snails are well studied, 3,000 different
peptides (conotoxins) have been identified from Conus venoms since the 1970’s (Conoserver.org).
The majority of conotoxins have been classified into venom gene superfamilies by examining the
sequence identity of the signal sequence (Jacob & McDougal 2010; Robinson et al. 2014;
Robinson & Norton 2014). A similar process is being used to characterize turrid and terebrid
venom peptide superfamilies (Figure 1.3B) (Gorson et al. 2015; Heralde et al. 2008; Gonzales &
Saloma 2014). Different venom peptide superfamilies generally have distinct physiological targets
and high specificity for those targets (Olivera et al. 1999). While there are similarities between the
venoms of Conus, inter- and intraspecific variation exists, such as differences in the proportions
of cysteine frameworks or venom gene superfamilies (Jakubowski et al. 2005; Abdel-Rahman et
al. 2011; Romeo et al. 2008; Duda & Palumbi 1999; Olivera et al. 1999). Due to the high rates of
non-synonymous mutations and the early divergence of Conoidean families, the venoms of
terebrids and turrids (s.l.) vary significantly from the venoms of cone snails (Powell 1966;
Puillandre & Holford 2010; Duda & Palumbi 1999; Gorson et al. 2015). The disparity in Conus
and terebrid venom was recently revealed by looking at the variation in venom peptide
superfamilies between Triplostephanus anilis and Terebra subulata (Gorson et al. 2015). Fourteen
terebrid venom gene superfamilies were identified in the two terebrid species (TA, TB, TC, TD,
TE, TF, TG, TH, TI, TJ, TK, TL, TM). Of the fourteen terebrid superfamilies described, only one,
TM, is similar to a superfamily found in Conus marmoreus (H superfamily) (Robinson & Norton
2014). The divergence of Conus and terebrid venom gene superfamilies suggests that terebrid
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venom peptides will have different structural features and physiological targets from Conus,
thereby increasing the pool of bioactive compounds that can be explored for discovery of novel
therapeutic drugs. Conoidean venoms are exceedingly effective candidates for drug discovery as
they are: (i) rapid acting, (ii) highly selective, and (iii) very potent (Figure 1.3C).

Potential of conoidean venom to increase drug discovery and development
Many bioactive peptides have evolved as a means of predation or defense, especially in
venomous animals (Olivera et al. 1985; Gray et al. 1988; Dutertre et al. 2014; Olivera et al. 1999).
The wide variety of biologically active venom peptides are a promising resource for drug discovery
(Twede et al. 2009; Ortiz et al. 2015; Lewis & Garcia 2003; Favreau & Stöcklin 2009; Koh & Kini
2012; King 2015). The constant selective pressures acting on venom, due to the effects of the
predator-prey arms race (Dawkins & Krebs 1979; Van Valen 1973; Holding et al. 2016; Casewell
et al. 2013a), enabled venom peptides to develop features to increase stability and prey molecular
target affinity. Venom peptides tend to interfere with transmissions of ions in and out of cells,
suggesting they would be effective tools for manipulating ion channel driven cell disorders such
as pain or cancer (Vetter & Lewis 2012; Lang et al. 2014; Miljanich 2004). These properties make
venom peptides more appealing than artificially or chemically conceived peptide-like compounds
for which bioactivity is not guaranteed (Uhlig et al. 2014).
The past two and a half decades have seen an increase in the number of projects that are
taking advantage of the Earth’s amazingly biodiverse group of venomous organisms to develop
novel drugs, to create tools for diagnosing human diseases, and to create probes to help advance
the study of molecular receptors and physiological pathways (King 2011; Nisani et al. 2007;
Diochot et al. 2012; Casewell et al. 2013a). As reptiles were the most accessible venomous
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organisms for quite some time, the majority of approved venom drugs were discovered from snake
venom. Specifically, snake venom proteins targeting thrombin, integrin, and fibrinogen receptors
were discovered (Koh & Kini 2012; King 2011). Captopril®, an angiotensin-converting enzyme
(ACE) inhibitor synthesized to mimic a venom peptide from Brazilian lancehead snakes, is a
breakthrough drug that validates venom-based drug discovery research (Cushman & Ondetti
1991). The venomic strategy has made it more affordable and practical to examine non-model
venomous organisms for peptide or protein components that can lead to new therapeutics.
Investigating more venomous organisms will greatly increase the amount of compounds available
for drug discovery and development (Puillandre & Holford 2010; Casewell et al. 2013a; King
2015).
The >1 million estimated venom peptides expressed in conoidean venom are an immense
resource for discovering novel compounds for therapeutic drug development. The majority of
conoidean venom peptides are disulfide-rich molecules that have been shown to manipulate
voltage and ligand gated potassium (K+), calcium (Ca2+), and sodium (Na+) channels, as well as
nicotinic acetylcholine receptors, and noradrenaline transporters (Becker & Terlau 2008; Terlau
& Olivera 2004; Olivera 2002) (Table 1). As mentioned previously, ion channels and receptors are
the molecular targets for cancer, pain, and other debilitating human disorders (Dave & Lahiry
2012; Gkika & Prevarskaya 2011; Wood et al. 2004; Veiseh et al. 2007; Lang et al. 2014).
Ziconotide (Prialt®), a peptide from the venom of Conus magus, was approved for commercial
use by the FDA in 2004 and is the first non-opiod analgesic (Schmidtko et al. 2010; Olivera 2000;
Miljanich 2004). Similar to MVIIA, CVID, MrIA, Vc1.1, RgIA, Contulakin-G, and ConantokinT are peptides synthesized from the natural secretions of Conus that are currently undergoing
clinical trials to determine of their potential as pain therapeutics (Table 1) (Armishaw & Alewood
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2005; McIntosh et al. 2009; Vincler et al. 2006; Han et al. 2008; Malmberg et al. 2003; Miljanich
2004). Although most Conus peptides in pharmaceutical development are being used as analgesics,
PVIIA shows promise as a therapy for myocardial infarction, and Conantokin-G for epilepsy
(Table 1.1) (Koch et al. 2004; Armishaw & Alewood 2005; Twede et al. 2009).

Conclusions
The progress of –omics technologies triggered a domino effect in venom research. An
integrated venomics strategy has enabled a broader range of venomous organisms, many of which
are non-model organisms, difficult to acquire, and contain limited amounts of venom, to be
Table 1.1. Snail venom peptides to drugs. Conoidean venom peptides under drug
development.

examined and ultimately contribute to the understanding of venom evolution in biodiversity.
Without the vast technological molecular improvements in the last decade, studies would most
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likely still revolve around snakes, spiders, and scorpions. The increasing amount of venom
peptides identified from Conoideans that are now in clinical trials, demonstrates the importance of
expanding the diversity of venomous species examined (Table 1). As -omics technology continues
to improve, it will be easier and cheaper to add more species to the pool of venomous organisms
under investigation, enabling researchers to resolve questions about venom convergence across
the animal kingdom and increase the quantity of peptides available for drug discovery and
development for the benefit of human health.
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Chapter Two
Identifying macroevolutionary patterns of species diversity in venomous Terebridae
marine snails
Introduction
Explaining the amazing biodiversity of species that inhabit our planet remains a significant
challenge. Several hypotheses have been proposed to describe species diversity, including sea level
changes (Chakona et al. 2013), phenotypic plasticity (Pfennig et al. 2010), and quality of diet
(Codron et al. 2007). In the case of venomous organisms, drivers of diversification have included
the acquisition of a venom apparatus, which is a specific gland for producing venom, and a
mechanism, such as beaks, fangs, harpoons, spines, or pinchers, for delivering it. Possession of a
venom apparatus is considered an opportunistic innovation that favors speciation by enabling the
exploitation of new ecological niches characterized by various prey (Vidal & Hedges 2005; Fry et
al. 2006; Castelin et al. 2012). Venomous predatory animals are highly dependent on their venoms
for survival and as a result venom is believed to be a key driver of species diversification that
affects animal development strategies, optimal size ranges, body plans and habitat ranges
(Casewell et al. 2013b; Phuong et al. 2016; Chang et al. 2016). However, this hypothesis has only
been examined in a few cases, mostly for vertebrates or terrestrial invertebrates and generally at
the species level with indirect evidence (Fry et al. 2008; Daltry et al. 1996). For example, a largescale phylogenetic study in reptiles revealed a novel clade containing snakes, anguimorphs, and
iguanians. Anguimorphs and iguanians were considered to be non-venomous (Vidal & Hedges
2005), but then several toxins were found in these two taxa (Fry et al. 2006), in agreement with
the phylogenetic pattern. In this case study, the ability to produce venom appeared to be linked to
reptilian speciation and was corroborated in the most recent reptilian phylogeny (Vidal and Hedges
2005; Fry et al. 2006).
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Here we examine diversification patterns in the predatory marine snails of the family
Terebridae (auger snails). Terebridae are an ideal group for a case study investigating
diversification driven by evolutionary innovations because the > 400 described terebrid species,
which are highly representative of a broad range of anatomical feeding strategies, more so than
any other taxon of venomous marine organisms (Mills 1979; Miller 1971; Castelin et al. 2012).
Additionally, this group has several features that would potentially impact diversification rates as
they are highly variable with respect to size, depth, biogeographical distribution, and life-history
traits. Terebrids belong to the venomous marine snail superfamily Conoidea, which includes cone
snails (family Conidae) and ‘‘turrids’’ (a complex of families) (Puillandre et al. 2011; Holford et
al. 2009; Castelin et al. 2012). Terebrids can range in size from 15-230mm and are distributed
globally in subtropical and tropical oceans (Taylor 1990; Terryn 2007; Terryn & Holford 2008).
In a previous study, a molecular phylogeny of the Terebridae was generated using 89 terebrid
species (~400 samples), belonging to 12 out of the 15 accepted genera, and identified Euterebra
and Duplicaria, two previously unrecorded lineages (Castelin et al. 2012). It was also discovered
that with the exception of Oxymeris, Pellifronia, and Terenolla, all other terebrid genera are nonmonophyletic. The non-monophyly of most genera that have been analyzed in the past, indicates
that the current genus-level classification of the Terebridae group is overrun by homoplasy and
will require a greater extent of taxonomic investigations (Castelin et al. 2012). In the 2012 terebrid
phylogenetic reconstruction, six related characteristics were mapped (proboscis, venom gland,
odontophore, accessory proboscis structure, radula, and salivary glands) onto the terebrid
phylogeny to assess the evolution of anatomy in the Terebridae. It was revealed that the terebrid
hypodermic radula, used to inject venom into prey, likely evolved independently on at least three
occasions, and could be correlated to a variety of functionalities (Castelin et al. 2012).
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Additionally, the proboscis was lost six times in the Terebridae and the venom gland was lost
eight. Indeed, the wide diversity of foregut anatomies in the Terebridae is equivalent to the
diversity found in the entire Conoidea superfamily. Given these findings, terebrids are an ideal
model system to test: (1) if the venomous apparatus actually influences diversification rates by
comparing closely related lineages that both have a venom apparatus present and absent; (2) if any
other feature is independently influencing diversification rates; or (3) if terebrid diversification is
not driven by any single factor, but rather a cooperative relationship between key features.
To examine these three hypotheses, we applied an integrated approach combining molecular
phylogeny, anatomical classification, and phylogenetic comparative methods (PCM). As prior
studies have demonstrated, producing robust species hypotheses and phylogenies is a fundamental
prerequisite to define lineage-specific disparity in the Terebridae (Holford et al. 2009; Castelin et
al. 2012). Prior studies applying PCMs to investigate diversification include investigating the early
diversification of flowers (Sauquet et al. 2017), studying the link between biogeography and
rattlesnake diversification and dispersal (Chen et al. 2017), and examining how differing
diversification rates and colonization times in amphibians can determine differences in species
richness (Hutter et al. 2017). Extensive research on a broad range of organisms is imperative in
order to derive and test robust hypotheses about venom as it relates to species diversification,
predator-prey interactions, and to describe the immense biodiversity of animals found on Earth
(Gorson & Holford 2016). Neglected predatory invertebrates, such as terebrids, provide a unique
perspective for investigating the evolution of venomous animals. This work increases the amount
of terebrid specimens previously applied in a molecular phylogeny by 4-fold and uses their
phylogeny to investigate shell size, depth, larval development, and foregut anatomy as drivers of
terebrid diversification.
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Results
Reconstruction of Terebridae molecular phylogeny
A dataset of 1761 samples was used to reconstruct the molecular phylogeny of the
Terebridae family. A multigene approach was applied using cytochrome oxidase I (COI: 1152
samples), 16S (717 samples), 12S (817 samples), and 28S (259 samples) genes. Analyses of each
individual gene was performed using RAxML and no supported conflicts were found between the
four gene trees. The four genes were concatenated to produce a consensus tree (Figure 2.1).
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Figure 2.1. Terebridae Bayesian phylogenetic tree with trait mapping. Posterior Probabilities (pp) are
marked with dots on the nodes, where black dots represent a pp of 1 and grey dots represent a pp between
.9 and 1. Blue dots represent a multispiral protoconch, while red dots represent a paucispiral protoconch.
- 18 Roman numerals represent newly defined anatomy types. Shells represent 12 of the 17 cryptic species
identified.

Only samples with ≥ 2 genes successfully sequenced were used in the combined gene dataset, a
total of 898 samples. Our new terebrid phylogeny has a total of 161 described species including
approximately 30 new species, plus many potential species arising within species complexes
(Fedosov, et. al. 2018, submitted). Interestingly, even though the species representation doubled
from the previous reported terebrid molecular phylogenies, the overall topology of the terebrid tree
is consistent with what was previously published and the family has remained monophyletic as
described originally in the first molecular phylogeny of the group (Holford et al. 2009).
Our current terebrid phylogenetic reconstruction groups the family into six clades (A-F),
similar to previously published reports. However, Clade A (Pellifronia) is no longer a sister group
to all other terebrids and is now divided into subclade A1 with a single species represented,
Pellifronia jungi, and subclade A2, represented by Bathyterebra coriolisi (Fig. 2.1). The genera
represented by Clades B (Oxymeris), Clade C (Terebra), and Clade D (Hastula) are as previously
described (Castelin et al. 2012; Holford et al. 2009). The largest clade E, which contains the
Myurella genus, is again divided into subclades E1-E5B, with the corresponding genera E1
(Myurella) E2 (Punctoterebra), E3 (Profunditerebra), E4 (Neoterebra), E5A (Maculauger), and
E5B (Myurellopsis). Additionally, it was revealed that Clade F, previously unreported and
consisting of 6 species, is now the sister group to all other terebrids and has been further divided
into two subclades F1 and F2. Clade F1 corresponds to the revised genus Duplicaria and Clade F2
is recognized as genus Partecosta.
The origin of the Terebridae is estimated at 50.6 Ma [95% highest probability density (HPD):
44.1-51.2], matching the well documented Terebridae fossils found in the Early Eocene period
(stage Ypresian: 47.8-56 Ma). The six main lineages of terebrids all appeared before the end of the
Eocene. It is also remarkable that the diversifications of each of the main lineages, including the
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subgroups within the clades A, E and F, all started concomitantly, between the mid-Oligocene (30
Ma) and the early Miocene (20 Ma).

Discovery of cryptic terebrid species
Using nominative species recognized in WoRMS as a baseline, multiple cryptic species were
revealed in at least 14 independent lineages in the genera Duplicaria, Hastula, Terebra, Myurella,
Punctoterebra, Profunditerebra, Neoterebra and Maculauger. Our phylogenetic analysis suggests
that at least 17 nominative species can be regarded as putative cryptic species complexes,
encompassing in total as many as 47 molecular operational taxonomic units (MOTUs) in the COI
tree (Fedosov, et. al. 2018, submitted).
Two and up to six distinct phylogenetic lineages (K2P genetic distance ≥ 0.025 for sympatric
lineages and above 0.04 for allopatric ones) referred to by a certain species name either comprise
a monophyletic lineage (4 complexes), or more often, do not show immediate affinity to each
other. Nevertheless, in all but one case MOTUs belonging to some morphological species complex
fall within one major Terebridae clade (i.e. within one genus). The remarkable exception is the
Profunditerebra orientalis complex, in which two MOTUs cluster within the genus
Profunditerebra and a morphologically strikingly similar form is found in Maculauger (Figure
2.1).
Three clusters comprise pairs of lineages with allopatric distribution, and in three clusters
comprising three or more divergent lineages (Punctoterebra textilis, T. fenestrata and
Punctoterebra trismacaria) at least one of them does not overlap in distribution with others.
Furthermore, our data suggest difference in bathymetric distribution in at least four putative

- 20 -

species complexes (Terebra cumingii, Myurella burchi, Punctoterebra trismacaria, and
Profunditerebra orientalis); however, such differences do not exist between sister-lineages.
In most cases we managed to ascribe with certainty based on morphological grounds, one
among the genetically divergent MOTUs in a cluster, to a current species name (i.e. identify which
of the lineages corresponds to the described species) (Fedosov, et. al. 2018, submitted). In addition,
we could assign some other putative MOTUs of each cluster to names which were considered
junior synonyms of the species. Most of the morphologically similar MOTUs are distinguishable
if examined thoroughly enough, thus they can comprise complexes of pseudo-cryptic species.
Nevertheless, the extent of the revealed cryptic diversity suggests that a considerable fraction of
the Terebridae diversity still awaits formal description.

Identifying patterns in terebrid larval ecology, morphology and bathymetric data
Larval ecology
We examined the protoconch in a total of 638 intact specimens belonging to 116 Terebridae
species. In our dataset, multispiral (m) protoconchs ranged from 1 whorl up to 5 whorls, and
displayed a small nucleus, a general conical shape, and an evident ‘sinusigera mark’ (the thin
sigmoid sinus marking the protoconch-teleoconch boundary, clearly indicating a planktotrophic
development). Paucispiral (p) protoconchs ranged from 1 to 2.25 whorls, and possessed a broad
nucleus, often a cylindrical shape and no sinusugera, indicating a lecithotrophic development. A
number of specimens displayed an intermediate protoconch, with 2.25 whorls, indicating either a
lecithotrophic larva with a longer dispersive stage, or a short-lived planktotrophic larva. In those
cases, the shell was attributed to one of the two developmental types based on the general
protoconch appearance rather than on whorl number alone. Of the 116 species examined in the
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study, 71% are planktotrophic and 28% are lecithotrophic (Figure 2.1).
Table 2.1. Newly defined anatomy types. Twelve anatomy types were defined by looking at the
presence or absence of a proboscis, venom gland, salivary gland, or accessory proboscis structure
(APS), as well as looking at the type of marginal tooth. Species listed do not encompass all species
with the anatomy type, but rather a subset, while clades represent all of the clades that contain each
of the anatomy types.

Foregut anatomy
The current study evaluated the presence or absence of a proboscis (PR), venom gland (VG),
odontophore (OD), accessory proboscis structure (APS), and salivary glands (SG) as well as
ranked the type of marginal teeth (RadT) (radula absent, duplex, solid recurved, flat, semi-enrolled,
or hypodermic) to redefine the feeding types present in 51 of the 161 terebrid species used in this
study. In contrast to the 3 feeding types defined by Miller, this study identified 12 unique foregut
anatomies (Fig 2.1, Table 2.1). We can see that certain anatomy types are clade specific, such as
type XII which is only found in the C clade, while other anatomy types can be found in multiple
clades such as type I which can be found in the B clade and in multiple E subclades. A full summary
of all 12 foregut anatomies is provided in Table 2.1.
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Shell Size and Depth
In addition to foregut anatomy we examined shell size and depth range of our terebrid dataset
and found that these were consistent with what was previously reported. Shell sizes were
determined using 325 specimens that represented at least one individual from each of the 161
terebrid species used in this study. Measurements were checked for reasonability against size
ranges published by Bratcher & Cernohorsky (Bratcher & Cernohorsky 1987) or in the original
descriptions of the shells. The sample group ranged in length from 10mm (Partecosta trilineata)
to 274mm (Oxymeris maculata), with an average length of 61mm. The Terebridae can be found at
varying depths in all tropical marine habitats. From the specimens used in our dataset, certain
species, such as Bathyterebra coriolis, remain in deep waters (minimum of 390m and maximum
of 400m), while other species, such as Hastula hectica, remain in shallow waters (minimum of 0m
and maximum of 3m). Though most species have a narrow depth range, certain terebrid species
have a broad depth range, such as Myurella nebulosa (minimum of 1m and maximum of 762m) or
Myurellopsis joserosadoi (minimum of 5m and maximum of 287m).

Diversification Across-Clade and Time
The BAMM analysis supported a model with a single evolutionary regime for the Terebridae,
as reflected in the mean phylorate plot (Figure 2.2A), regardless of the value attributed to the prior
probability of a rate shift. We do see a clade with a slightly higher diversification rate, but it is not
statistically significant. We found evidence for a slow increase of diversification rates when a
realistic sampling fraction of 26% was considered (Figure 2.2B). These results are congruent with
the RPANDA analyses, which identified a model with a rate- constant speciation (lambda = 0.134
lineages/mya) and variable extinction rate model as best describing Terebridae evolutionary
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pattern (Figure 2.2C). From these analyses, the decrease in terebrid extinction rate can be used to
explain an increase in global diversification rate beginning around 25 mya (Figure 2.2D).

Figure 2.2. Diversification rates of the Terebridae across clades and time. A. BAMM
phylorate plot showing diversification rate across clades of the Terebridae where rates
increase from blue to red. Rate values represent new lineages per million years. B. The blue
curve indicates the net diversification rates-through-time trajectory as analyzed by BAMM.
C. RPANDA plot showing the estimated speciation (blue), extinction (red) and net
diversification (purple) rates through time for the Terebridae phylogeny. D. RPANDA plow
showing the estimated accumulation of species richness through time for the Terebridae
phylogeny.

Despite the absence of across-clade heterogeneity in diversification rates, the best shift
configurations retrieved by BAMM analysis for continuous traits displayed evidence of shifts in
terebrid traits’ diversification rates. For example, for size, we retrieved two likely evolutionary
rate shifts: one for the single species Myurella pertusa belonging to clade E1 and the other for
clades B and C, corresponding to the Terebra and Oxymeris genera (Figure S2.1). Size appeared
to have undergone a fast divergence at the beginning of the Terebridae evolutionary history,
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followed by several oscillations between 35 and 15mya, with the evolutionary rate still increasing
towards the present (Figure S2.2). Depth apparently underwent 7 shifts in evolutionary rates: one
for clade C including Terebra n.sp. aff. cumingii 1, Terebra n.sp. aff. cumingii 2, Terebra n.sp. 27
and Terebra cumingii; one for the subset of clade E1 including Myurella brunneobandata, M.
pseudofortunei and M. n. sp. aff. fortunei; three for subsets of clade E2, including respectively
Punctoterebra teramachii and P. baileyi; P. polygirata, P. trismacaria and P.textilis; P. sp. aff.
textilis 1 and P. n. sp. aff. trismacaria 1; the last two in the E5B clade for the single species
Myurellopsis joserosadoi and M. guphilae. The lineage through time plot for depth emphasizes a
constant, very low diversification rate at the beginning of Terebridae evolutionary history,
followed by a steep increase at ca. 40 mya, a marked decrease at 30 mya, and a second rapid
increase from ca. 25 mya to the present (Figure 2.3).
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Figure 2.3. BAMM results for depth rate over time. Rate vs. time
plot from the depth trait analysis, where “trait rate” is given as
change per million years, and “time before present” is in millions of
years.

Key innovations in Terebridae diversification
We tested in BiSSE (Binary State Speciation and Extinction) several models of trait evolution.
For depth, size and larval development we detected no significant departure from the null model
(assuming the same speciation, extinction and transition rates for the two trait states considered).
For presence/absence of venom gland, the two models selected on the basis of their equal AICc
values had irreversible transition rates (equal in one of the two) and equal speciation- extinction
rates. These results do not support any of the tested traits as drivers of diversification.
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Phylogenetic Diversity of larval development, size, foregut anatomy, and bathymetric data
A phylogenetic diversity analysis on the planktotrophic vs. lecithotrophic communities,
carried out with the R package picante, retrieved negative standardized effect size (SES) values
and low quantiles for the mean nearest taxon distance (MNTD) of the lecithotrophic community
only, while the values obtained for mean pairwise distance (MPD) were negative with low
quantiles for the planktotrophic community, and positive with high quantiles for the lecithotrophic
community. The negative MNTD values for the lecithotrophic community indicate phylogenetic
clustering closer to the tips of the phylogeny, meaning that the phylogenetic distance among
lecithotrophic species is smaller than expected. Lecithotrophy is a trait shared by closely related
species, indicating that it has evolved before separation of the lineages and that reversal is rare. On
the other hand, the obtained MPD values suggest that phylogenetic diversity is high for
planktotrophic developers, indicating an ancient phylogenetic clustering. This data indicates that
planktotrophy is the ancestral larval ecology in the Terebridae.
With regards to the presence/absence of a venom gland, phylogenetic diversity analyses were
carried out on a subset of 51 species, due to unavailability of anatomical data for most the species
included in the phylogeny. Negative SES values and low quantiles were obtained both for the
MNTD and for the MPD of the species without a venom gland, indicating that their phylogenetic
distance is smaller than expected. These results confirm that the loss of a venom gland happened
in phylogenetically clustered terminal taxa, and that when the venom gland is lost in the ancestor,
the reversal is extremely unlikely.
The phylogenetic diversity analysis on the shallow water vs. deep water communities,
retrieved negative standardized effect size (SES) values and low quantiles for the three metrics
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(PD, MNTD, and MPD) for the deep-water community. For shallow water community we obtained
a negative PD (but with a higher value than in the deep-water), while the MPD had a positive value
with a high quantile. Negative values indicate a low phylogenetic diversity and by converse a
phylogenetic clustering higher than expected in the deep-water species. Shallow species are more
phylogenetically diversified, and the high MPD value supports an ancient origin of such
overdispersion.

Evolutionary Modeling
In our analyses the rate of size evolution is more than five times higher in planktotrophic
species than in lecithotrophic species, while the strength of pull towards a size optimum is slightly
higher for lecithotrophic species. This finding is based on the best fitting model for adult size in
Terebridae species included in our dataset, which is the OUMVA, according to the Akaike weights,
with a delta AICc>5 with respect to the second-best fitting model OUMA. This model allows the
larval ecology to influence the optimal size, the rate of size evolution and the strength of pull
towards the optima across our Terebridae dataset. The optimal size value itself has a value of 70
(±18) mm for planktotrophic and 21 (±7) mm for lecithotrophic species. Our results indicate that
species with long-living pelagic larvae tend to be generally larger, but also have a wider size range
than lecithotrophic species, whose size tends to evolve faster. The best fitting model for depth was
a simple Brownian model (BM), not supporting any correlation between depth and larval
development.

Discussion
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A robust phylogenetic context was used to clarify phylogenetic relationships of the
Terebridae and to provide a framework for investigating several characteristics such as
morphology, larval ecology, anatomical features linked to the venom apparatus, and multiple
abiotic factors. The molecular phylogeny presented here was based on a significant increase in the
dataset compared to previously published phylogenies for the group, quadrupling the number of
specimens used and almost doubling the number of species. Macroevolutionary analyses, ancestral
state reconstruction, phylogenetic diversity analyses and evolutionary modeling identified
unexpected evolutionary traits within the Terebridae, with implications for the whole Conoidean
superfamily.
To improve the current working terebrid phylogeny, a series of field expeditions were
conducted from 2012 to 2016 to increase the species coverage and geographical distribution of
terebrid specimens. As a result, the species coverage increased from 406 samples in 2012 to 1761
samples in the current study, a 1355 sample increase. This sampling increase represents 40% of
the >400 described species (26% of the estimated species diversity) and further confirmed the
monophyly of the Terebridae family and the existence of 6 major clades (Clades A-F) (Holford et
al. 2009; Castelin et al. 2012). A novel result for the terebrid molecular analysis is the discovery
of a new sister group to all terebrids, Clade F. In prior publications, Clade A was described as the
sister group to all terebrids (Castelin et al. 2012; Modica et al. 2014). Our results highlight the
importance of diverse sampling to accurately reconstruct phylogenies, which has also been
reported for other taxa (Pyron & Wiens 2011; Regier et al. 2013; Philippe & Telford 2006; Nagy
et al. 2012; Marin & Hedges 2018). With the revised phylogeny, we also identified a number of
MOTUs that comprise complexes of pseudo-cryptic species, which suggests that a considerable
fraction of the diversity in the Terebridae still needs formal description (Fedosov, et. al. 2018,
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submitted). The molecular phylogeny generated in this study enabled us to examine several factors
of terebrid evolution and we were able to robustly map several characteristics onto the tree to
investigate phenotypic patterns in terebrid macroevolution (Figure 2.1).

Across-clade diversification is constant in Terebridae
The results obtained by BAMM analysis outlined the absence of any significant shift in
diversification rates across different evolutionary lineages in the Terebridae. While a concerted
effort was made to increase our sampling size, a significant amount of terebrid species are
unrepresented in this study and the lack of a dense taxon sampling, which is required for accurate
detection of rate shifts for taxa spanning broad geographical areas, might explain the observed
pattern (Ackerly et al. 2006; Moore & Donoghue 2007; Marazzi & Sanderson 2010; Drummond
et al. 2012). However, decoupling of phyletic diversification and morphological divergence is a
widespread phenomenon that may have multiple causes (Zelditch et al. 2015). Dependence of
diversity and disparity on time can be weakened by variation in rate among clades (Zelditch et al.
2015) or by temporal changes in rates such as in the case of density-dependent evolutionary
decelerations (Alfaro et al. 2009; Rabosky 2012; Etienne & Haegeman 2012) or adaptation to a
stable adaptive peak that leads to a decrease in speciation rates over time (Hansen 1997).
Additionally, diversification rates may remain constant even in the presence of key innovations
conferring ecological opportunity as is the case with pharyngeal jaws in labrid fishes or locomotor
strategies in triggerfish (Claramunt et al. 2012; Dornburg et al. 2011; Alfaro et al. 2009). In some
circumstances, diversification rates have even been shown to decrease after the acquisition of such
key innovations, as evidenced by the development of foregut fermentation in colobine monkeys
(Tran 2014).
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Across-time diversification is slowly increasing in Terebridae
The divergence rate through time plot obtained in BAMM suggests that the diversification
rates are slowly increasing in the Terebridae, when using a sampling fraction of 26% of total extant
diversity. Interestingly, results generated by RPANDA corroborate these results and show that the
slow increase in diversification rates can be attributed to a decrease in extinction rate. The slow
increase is observed across the entire Terebridae and not in a single group, which shows that it is
not a specific trait found in a terebrid lineage that is driving this increase, but rather a factor, or
combination of factors, found across the family. A constant increase in diversification rates was
identified in Grebes (Aves) and was hypothesized to be caused by fragmentation of habitat, a factor
that effected the entire family (Ogawa et al. 2015). Similarly, a study looking at freshwater snails
showed an increase in speciation rates after experiencing ecological opportunity through dispersal
to new locations (Delicado et al. 2018).
A potential hypothesis to explain the slow increase in diversification rates across the entire
Terebridae family is an ecological release initiated by the colonization of deep waters, while deep
waters were still warm and a part of the shallow water community. As terebrids moved deeper and
occupied new niches, less competition existed, which enabled a slow, but steady increase of
diversification. By removing competitors, a strong increase in fitness as well as niche variation
and directional selection for niche evolution exists (Emery & Ackerly 2014). In addition, a
decrease in extinction rates may have been caused by an increase in sea levels, which leads to an
increase in the continental shelf and therefore an increase in molluscan habitat (Orzechowski et al.
2015). More molluscan habitat would lead to an ecological release due to a decrease in competition
for resources on the shelf.
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Foregut diversity is not a driver for terebrid diversification
In the Terebridae, an accelerated evolutionary rate for size (in clades B and C) and the generally
observed morphological disparity of the foregut is not accompanied by shifts in diversification
rates. Instead, size appears to follow a complex history of diversification in the Terebridae. While
size might not actually be a key trait allowing the exploitation of a new ecological niche, and thus
not expected to lead to increased diversification rates, foregut morphology is considered tightly
linked to feeding specialization, which is a fundamental trait in predatory groups. Therefore, it was
very surprising that diversification rates were stable across the entire Terebridae phylogeny, even
with the vast diversity of terebrid species. Generally, the acquisition of new predatory abilities can
constitute a great ecological opportunity, allowing access to new sets of prey and thus new
ecological niches (Fry et al. 2006; Vidal & Hedges 2005; Castelin et al. 2012). For our Terebridae
dataset, although morphological data was available for only a subset of species that is exceedingly
reduced for statistical analyses, it is evident that in at least Clade E, the level of morphological
diversification is extremely high with 9 foregut types, but this did not correlate to any shift in
diversification rates. As a result, contrary to expectations, we did not retrieve any evidence of
foregut anatomy influencing the diversification of the Terebridae. BiSSE best-fit model supported
that the loss of the venom gland is irreversible and this was also corroborated by the phylogenetic
diversity results. This result is especially surprising given that it has long been proposed that a
venom apparatus is considered an opportunistic innovation that favors speciation in the Conoidea.
Further sampling is required to confirm this finding, but given the foregut diversity of Clade E, it
would appear our initial findings will be substantiated.
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Larval development plays a role in terebrid shell size
Planktotrophic larvae are able to be carried across long distances by ocean currents, while
feeding, and are characterized by increased distribution rates (Pechenik 1999; Bradbury et al.
2008). Lecithotrophy, on the other hand, is characterized by abbreviated larval periods and reduced
dispersal (Selkoe & Toonen 2011). Larval development evolution trends are unidirectional,
moving from planktotrophy to lecithotrophy (Gould & Eldredge 1986; Rouse 2000; Collin et al.
2007). Past studies suggest that reversals are very rare due to constraints on re-evolving complex
feeding structures that are generally reduced when transitioning from planktotrophy to
lecithotrophy (e.g. loss of the velum structure) (Strathmann 1978; Wray 1995). A pelagic larval
development is displayed by the vast majority (ca 70%) of marine invertebrate species, and is
considered the ancestral larval ecology in gastropods (Nielsen 2009; Thorson 1950), including
most lineages of Caenogastropoda (Haszprunar 1988). The dichotomy between the two contrasting
larval ecologies has been well studied in marine invertebrates, planktotrophic species have smaller
egg sizes and high female fertility and lecithotrophic species possess lower female fertility and
larger egg sizes, and they can therefore be placed at the two edges of an r-K continuum (Thorson
1950; Vance 1973; Strathmann 1977; Todd & Doyle 1981; Pianka 1970). In some circumstances
e.g. where phytoplankton abundance is low or not constant throughout the year, lecithotrophy may
be more advantageous even if it requires more maternal investment, as it relies on yolk reserves
that are not subject to fluctuations. Lecithotrophic organisms have elevated rates of both speciation
and extinction and have even been seen to accumulate faster over time in certain neogastropod
clades (Shuto 1974; Hansen 1978; Lutz et al. 1986; Jablonski 1986; Jablonski & Lutz 1983).
Our study further corroborates past publications that planktotrophy is ancestral to
lecithotrophy and that lecithotrophy has evolved at least 18 times in the Terebridae. Our findings

- 33 -

also imply the existence of a strong evolutionary link between larval ecology and adult body size
in the Terebridae. Across our entire dataset the best-fitting model with strong support, according
to Akaike weights, estimates a different optimal size for the two divergent larval ecologies, but
with a higher strength of pull toward a size optimum in the lecithotrophic species. In detail, this
model consistently estimates that size in lecithotrophic species is significantly smaller than in
planktotrophic species.
The slower evolutionary rate together with the strength of the pull towards the optimum
observed for size in lecithotrophic species indicates that size is highly constrained in this group.
These results are congruent with the previous general framework that considers planktotrophic and
lecithotrophic species at the two extremes of an r-K continuum, the r-strategist being characterized
by fast growth, shorter longevity, semelparity, high fecundity, and small eggs. We can therefore
hypothesize that since lecithotrophic species rely on yolk reserves that are fixed at the moment of
egg production, their size at the time of hatching is fixed, while in planktotrophic species it may
vary according to the food intake.

Conclusions
The possession of venom has been considered a driver for species diversification that
influences predator-prey interactions, and macroevolutionary patterns. Here we examined the
Terebridae, an understudied group of venomous sea snails, to illustrate the complexity of
molluscan venom arsenals as revealed in recent characterizations of terebrid venom peptides
(Gorson et al. 2015; Kendel et al. 2013; Imperial et al. 2007). Surprisingly, we did not find a
correlation between venom and terebrid diversification, however using an interdisciplinary
approach of molecular and morphological techniques we identified that adaptation to deep water,
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small size and loss of planktotrophy are key innovations driving Terebridae diversification. While
our sample size is limited, our results suggest that with regards to terebrids and potentially other
Conoidean mollusks such as cone snails and turrids, the ability to express and use venom for
predation and defense plays a diminished role in species diversification.

Methods
Sample Collection
All of the material used in this study was collected during several expeditions conducted
by the Museum National d’Histoire Naturelle de Paris (MNHN) and the Holford Laboratory. The
dataset includes 1,761 specimens assigned to 161 species collected from New Caledonia (56),
Philippine Islands (93), Chesterfield Islands (5), Australia (9), Vanuatu (135), Panama (79),
Madagascar (135), Mozambique (165), New Zealand (1), Fiji (4), Florida, United States (3),
French Guyana (1), Guadeloupe (88), Papua New Guinea (846), United Arab Emirates (3),
Vietnam (7), Marquesas Islands (20), French Polynesia (26), Solomon Islands (36), Sao Tome (2),
Tahiti (14), Thailand (10), Tasmania (6), and Taiwan (17). These samples originate from depths
ranging from 0m to ~ 800 m. All specimens were specifically fixed for molecular analysis in the
field. Live specimens were anesthetized using magnesium chloride (MgCl2) and a piece of tissue
was cut from the foot and fixed in 95% ethanol. Specimens collected after 2012 were processed
with a microwave oven (Galindo et al. 2014). Shells were kept intact for identification and
deposited as vouchers in MNHN. All specimens were identified, and the classification used here
follows that of the jointly published paper, including the new species and genus names (Fedosov
et al. submitted).
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DNA Sequencing and Molecular Phylogenetic Analyses
Total genomic DNA was extracted from foot tissue using NucleoSpin® 96 Tissues
(Macherey-Nagel) or the Epmotion 5075 robot (Eppendorf), following the manufacturer’s
protocol. Fragments of three mitochondrial genes (Cytochrome Oxidase I (COI), 16S rRNA and
12S rRNA) and one nuclear gene (28S rRNA) were amplified. PCR reactions were performed as
described in Holford, et. al 2009. (Holford et al. 2009) successfully amplified products were sent
to Genewiz (South Plainfield, NJ) or to the Eurofins sequencing facility (France) for bidirectional
Sanger sequencing.
Sequences were aligned for each gene independently using MUSCLE version 3.2 (Edgar
2004). The accuracy of these alignments was manually inspected using BioEdit version 7.0.0.0
(Hall 1999). Best-fit substitution models were identified for each gene separately using
jModelTest2 version 2.1.6 (Posada 2008). Best-scoring Maximum Likelihood (ML) trees were
estimated using RAxML (Stamatakis 2014, 2006a). Each gene, and each codon position within the
COI gene, were considered as independent, each following its best-fit substitution model.
Robustness of the nodes was assessed using the thorough bootstrapping algorithm (Felsenstein
1985) with 1000 replicates. Phylogenies were jointly estimated using the Bayesian Markov Chain
Monte Carlo method implemented in BEAST version 1.8.4 (Drummond & Rambaut 2007). The
program BEAUti version 1.8.4 (Drummond & Rambaut 2007) was used to generate the file used
in BEAST. A birth-death process speciation prior was implemented and the substitution models
identified in jModelTest2 version 2.1.6 were applied to each gene partitioned separately, with base
frequencies estimated during the analysis. An uncorrelated lognormal clock was applied to
estimate the relaxed molecular clock. The analysis was run for 75 million generations and sampled
every 1,000 generations. The oldest known Terebridae, Mirula plicata (Lamarck, 1803) from the
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lower Eocene (56-47.7Ma) was used to constrain the stem node of Terebridae with a normal
distribution mean of 50.7 Ma and a standard deviation (SD) of 1.48. A burn-in of 10% was
removed after convergence analysis was evaluated using Tracer version 1.7 (Drummond &
Rambaut 2007) to check that all ESS values were greater than 200. Analyses were performed on
the Cipres Science Gateway (http://www.hylo.org/portal2), using the RAxML-HPC2 on XSEDE
tool for ML and the BEAST on XSEDE tool for BA.

Larval Ecology, Morphology and Bathymetric Data
Larval ecology
In Terebridae, as in many other families of marine gastropods, larval ecology can be easily
inferred from the appearance of the protoconch, the larval shell that is often maintained at the tip
of adult shell (Jablonski & Lutz 1983; Lima & Lutz 1990; Eldredge et al. 2005). The protoconch
of intact terebrid shells was examined and categorized as multi- or paucispiral and the number of
whorls present was measured to the nearest quarter whorl. Depending on the protoconch
appearance, species were defined as planktotrophic, when the protoconch is multispiral, or
lecithotrophic, when the protoconch is paucispiral. The protoconch of 638 intact terebrid shells
were examined under a microscope and categorized as multi- or paucispiral and the number of
whorls present was counted to the nearest quarter whorl.

Foregut anatomy
The anatomy of the terebrids was studied by manual dissections – when possible, on the same
specimens sequenced for phylogeny. As most informative morphological characters in Conoidea
are related to feeding, we specifically focused on the anterior alimentary channel structures to infer
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ability of the Terebridae lineages to envenomate their preys. Manual dissections were
complemented by SEM studies of radular morphology, known to be extremely diverse in the
Terebridae. When present, radular sacs were isolated, and soft tissues immersed in a 3-5% solution
of commercially available bleach. The radulae were then rinsed several times in cleaned distilled
water, mounted on a 12 mm SEM stub, air-dried and coated for the SEM study.

Depth
To calculate species bathymetric ranges, all depth records were summarized for each species,
with the deeper station record added to one sequence, and the shallower – to another. If only one
depth record was provided (i.e. a station was sampled at constant depth), this depth record was
added to both sequences. Subsequently, a confirmed species bathymetric range was calculated as
the range between the minimal depth in ‘deeper’ sequence to maximal depth in ‘shallower’
sequence. This algorithm was implemented in an in-house Python script to quickly analyze large
datasets of species occurrences.
Species number estimations
Species number estimations were made by scaling up the number of described species on
the World Register of Marine Species (WoRMS) database, in which 416 described terebrid species
are recorded. The sampling from this study includes 127 species that overlap with the WoRMS
database. In addition to these 127 species, we identified 83 potential new species (6 new species
described in a joint paper – REF, 10 molecular operational unites (MOTUs) amongst cryptic
species which will be raised to nominative species, 32 MOTUs which after more detailed study
are expected to be described as new species, plus 35 MOTUs which have an affinity to existing
species but have distinct morphological features which may infer new species). Only one current
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species was found to be a synonym and not valid. The field studies covered thoroughly both
shallow and deep waters and we could expect future expeditions to find a similar ratio between
new and described species. If we extrapolate this pattern to the 416 described species in WORMS,
then estimates of Terebridae species range from 625 to 675 species as a minimum.

Diversification rates through time and across clades
Macroevolutionary dynamics of diversification were modelled across Terebridae phylogeny
(after outgroup removal) using the software BAMM v.2.5.0 (Bayesian Analysis of
Macroevolutionary Mixtures, (Rabosky et al. 2013; Rabosky 2014), on the Maximum Clade
Credibility tree obtained in BEAST. BAMM explores models of lineage diversification
implementing a Metropolis Coupled Markov Chain Monte Carlo (MC3) to improve the efficiency
in simulating the posterior probability distribution. We ran 10 million generations of reversible
jump Markov Chain Monte Carlo sampling, drawing samples from the posterior every 10000
generations. Priors were chosen using the R package BAMMtools (Rabosky et al. 2014), except
for the prior probability of rate shift, which has been shown to affect BAMM results (Moore et al.
2016, Rabosky et al. 2017). For this prior we tested values ranging from 0.1 to 50 and we choose
the value leading to the highest ESS values for LogLikelihood and NumberOfShifts. We accounted
for incomplete taxon sampling using a sampling fraction of 26%, estimated using a total Terebridae
diversity of 625 species. We processed the output data using BAMMtools to obtain summary
statistics after removing a 10% burn-in, including mean phylorate plot that shows rates shifts in
diversification along the phylogenetic tree, and to plot diversification rate through time. BAMM
was used both to estimate diversification rates through time and among/within clades, and to define
diversification rates for continuous traits (depth and size).
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To corroborate BAMM results we used the time-dependent diversification approach
implemented in the R package RPANDA (Morlon et al. 2016). This approach allows both
speciation and extinction to change continuously through time, while in BAMM the extinction rate
is assumed to be constant, thus including scenarios in which diversification rates are negative
(Morlon et al. 2011). For the whole Terebridae tree (with a 26% sampling fraction) we tested six
nested diversification models with RPANDA: i) a Yule model, with a constant speciation rate and
null extinction; (ii) a constant birth-death model, with constant speciation and extinction rates; (iii)
a variable speciation rate model without extinction; (iv) a variable speciation rate model with
constant extinction; (v) a rate- constant speciation and variable extinction rate model; and (vi) a
model in which both speciation and extinction rates vary (Legendre & Condamine 2018). To select
the best fitting model, ML scores of each model and the resulting corrected Akaike information
criterion (AICc) were compared.

Trait-Dependent diversification
To model simultaneously the evolution of discrete traits and their impact on diversification, we
used trait-dependent diversification models, in which species are characterized by an evolving trait
and their diversification follows a birth-death process in which speciation and extinction rates may
depend on the trait state. We used four characters: 1) Larval ecology, where species were defined
by having either a planktotrophic (0) or non-planktotrophic (1) ecology; 2) Venom gland, where
species were defined according to either the presence (0) or the absence (1) of the venom apparatus;
3) depth, where species were defined as shallow (0) when found above 100m or deep-water (1)
below 100m; and 4) size, where species were identified as either small (0) for shell length lower
than 25mm or large (1) for lengths exceeding 25mm. As described above, continuous traits were
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transformed into categorical two-state traits using a threshold generally corresponding to the photic
zone for the depth, and to a size banding proposed by Terebridae specialists. We applied the Binary
State Speciation and Extinction model (BiSSE, Maddison et al. 2007) for four two-state datasets,
accounting for state-specific incomplete taxon sampling. The BiSSE model has six distinct
parameters: two speciation rates, two extinction rates and two transition rates (i.e. anagenetic
change) between the trait states. Analyses were performed using the R-package diversitree
(FitzJohn 2012) on the MCC tree obtained from BEAST, using the functions make.bisse to
construct the likelihood functions for each model based on the data, and the functions constrain
and find.mle to apply different diversification scenarios. We used AIC to select among different
models: the scenario supported with the lowest AIC was considered the best when ∆AIC>2 against
other models.

Phylogenetic Diversity
We used a phylogenetic diversity approach to measure how functional and ecological discrete
traits are distributed along Terebridae phylogeny. This approach depicts how different ecological
processes interact with the evolutionary processes to influence the distribution of species and traits
in the communities.
Phylogenetic diversity (PD) was calculated for four different pairs of clusters: 1) the
planktotrophic vs. lecithotrophic developers; 2) the shallow vs. deep-living species; 3) the species
with venom gland vs. species that had lost it and 4) shell size, small vs. large. In all cases,
phylogenetic diversity was calculated using different metrics, standardized for unequal richness
samples, using the R package picante (Kembel et al. 2013). First we calculated Faith’s
Phylogenetic Diversity (PD), corresponding to the sum of the total phylogenetic branch length for
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one or multiple samples (Faith 1992). Then we measured beta diversity both as the Mean Nearest
Taxon Distance (MNTD) separating taxa into two communities (corresponding to the average
phylogenetic distance to the most similar taxon or individual in the other community) and as the
Mean Pairwise Distance (MPD) separating taxa in two communities (Webb et al. 2002; Helmus et
al. 2007; Gotelli & Colwell 2001).

Evolutionary Modeling
To test whether shifts in larval development have been associated with selective constraints
on the evolution of shell size and bathymetric distribution, we fitted two Brownian Motion (BM)
models and five different Ornstein-Uhlenbeck (OU) models using the R package OUwie (Beaulieu
2016) to 100 trees reconstructed with stochastic character mapping of the trait “larval
development” using the make.simmap function available in the R package phytools. For the
parametrization of make.simmap, we used the estimated ancestral state, and a transition matrix
with equal rates estimated from our empirical data with an MCMC search, and we performed 100
replicates then summarized in a consensus tree, to account for the inherent stochasticity of the
process. BM models are processes where phenotypic variation, which accumulates with time, as
is the case with random variation, neutral genetic drift, or drift-mutation equilibrium (Felsenstein
2001; Beaulieu et al. 2012). Here we fitted BM1 and BMS models, respectively with a single rate
and different rate parameters for each state in the tree. The OU models, in addition to the stochastic
displacement described by BM models, consider an optimal trait value and a tendency towards
that optimum (Hansen 1997; Beaulieu et al. 2012). The simplest OU model (OU1) has a single
optimum (θ) applied to all branches regardless of the developmental state. The remaining four OU
models differ in how the rate parameters are allowed to vary in the model. In the first (OUM
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model) phenotypic optima means (θx) are different while both the strengths of selection (αx) and
the rate of stochastic motion around the optima (σ2x) acting on all selective regimes are identical.
Then we also fitted a model that only allowed strengths of selection to vary among selective
regimes (α1, α2: OUMA model), as well as one that only allowed the rates of stochastic evolution
away from the optimum to vary (σ2A, σ2B: OUMV model). Eventually, we fitted a model
(OUMVA) that allowed all three parameters (θ, α, σ) to vary among different selective regimes.
To choose the best-fitting model we used a model-averaging approach, where we calculated the
Akaike weights for each model (i.e. the relative likelihood of each model) (Burnham & Anderson
2002) by means of the second-order Akaike information criteria (AICc) that includes a correction
for reduced sample sizes (Hurvich & Tsai 1989). We ensured that the eigenvalues of the Hessian
matrix calculated in our OUwie analysis were positive, since this is an indication of the reliability
of parameters estimation (Beaulieu et al. 2012).
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Chapter Three
Investigating gene structure and variation in the venom arsenal of the Terebridae

Introduction
Animal venoms are among the most complex biochemical natural secretions known and
comprise a mixture of bioactive compounds (Norton & Olivera 2006; Vonk et al. 2013; Bjoern
von Reumont et al. 2014). Though complex, there is a high degree of venom peptide convergence
throughout the animal kingdom in the basic molecular structure and targets of venom toxins
(Escoubas & King 2009; Casewell et al. 2013b). These features make venom and venomous
animals an ideal model system for investigating several biological phenomena from evolution to
function (Fry et al. 2008; Escoubas & King 2009; Casewell et al. 2013b).
Venom research has primarily focused on certain groups, such as snakes, spiders, and
scorpions, but much less is known about predatory marine snails. Venomous marine snails of the
superfamily Conoidea include cone snails (family Conidae), auger snails (family Terebridae), and
turrids (a complex of families). Cone snail venom was first analyzed in the 1970’s, since then,
researchers have extracted over 3,000 different peptides from Conus venom (conoserver.org).
Cone snail peptides (conotoxins) are disulfide-rich molecules shown to target sodium (Na+),
potassium (K+), or calcium (Ca2+) channels, nicotinic acetylcholine receptors, and noradrenaline
transporters (Becker & Terlau 2008; Olivera 2002; Terlau & Olivera 2004). In 2004, the Food and
Drug Administration (FDA) approved the analgesic drug Prialt® (ziconotide), which is a 23 amino
acid peptide produced by Conus magus (Onofrei et al. 2004; McGivern 2007; Olivera 2000).
Ziconotide is a breakthrough drug and proof-of-concept for the potential of snail venom research.
Ziconotide also identified a new pathway for treating pain, namely inhibiting N-type Ca2+
channels. The efficiency in which peptide toxins from cone snails can be used to manipulate ion
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channels and receptors has led to their extensive use in biomedical research; however, peptide
toxins from other members of the Conoidean superfamily are vastly under investigated.
The Terebridae family is a relatively understudied group closely related to cone snails.
While all cone snails use a venom apparatus to subdue their prey, not all terebrids have a venom
apparatus (Puillandre & Holford 2010; Holford et al. 2009; Castelin et al. 2012). Recent efforts in
the Holford group to describe the taxonomy, phylogeny, and venom diversity of terebrid snails has
demonstrated that teretoxin peptides have similar structural characteristics as cone snail peptides,
which would make them just as important to biochemists and neurologists as tools for investigating
cell signaling. Despite their structural similarities, cone snails and terebrids of the Conoidean
lineages diverged in the early Paleocene (Powell 1966), and this early separation has resulted in
peptide toxins that are unique and highly divergent from each other (Puillandre & Holford 2010).
Conotoxin gene families are also characterized by high rates of non-synonymous substitutions
(predicted to be 10 to 20 times faster than rates reported for genes of other metazoans) and gene
duplication events (Duda & Palumbi 1999). This rapid divergence in gene families has led to
significant differences in the functional gene products expressed, even between closely related
species (Olivera 2006). In 2007, Imperial et al. analyzed the gene superfamilies in Hastula hectica
(family Terebridae) and found very little overlap with gene superfamilies expressed in Conus
venom ducts (Imperial et al. 2007). In 2015, Gorson et al. analyzed the gene superfamilies in
Terebra subulata and Triplostephanus anilis and classified fourteen gene superfamilies of which
thirteen are unique to terebrids. The significant difference between terebrid and cone snails
indicates that the Terebridae family is a new resource for studying venom evolution and is a new
source for biomedical drug discovery and development.
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Figure 3.1. From venom to drugs. Depiction of strategy for identifying venom peptides in
Conoidean snails using next generation sequencing. The venom duct is dissected from
Conoidean snails and mRNA is extracted. Extracted mRNA is sequenced and de novo
assembled. Assembled sequences are then annotated for a variety of comparative analyses
such as phylogenetic reconstruction, identification of putative toxins, and assignment of GO
function. When combined, comparative analyses can identify lineages that produce bioactive
compounds with potential biomedical application for drug development (the pill at the bottom
illustrates therapeutic potential). From Gorson et al. 2015.

This study provides the first comprehensive comparative NGS transcriptome analysis of
Terebridae venom ducts to investigate terebrid venom composition and diversification (Figure
3.1). Terebrids express a diverse array of hypervariable, disulfide-rich venom peptides, known as
teretoxins, which have a wide variety of molecular scaffolds and molecular targets (Puillandre &
Holford 2010; Anand et al. 2014; Gorson et al. 2015; Imperial et al. 2007; Kendel et al. 2013).
Several novel putative teretoxin are identified using a validated in-house bioinformatics pipeline.
The evolutionary relationships and possible origins of several venom toxin families (e.g., Kunitztype serine protease inhibitors, turripeptides, conopressins, actinoporins, etc.) with terebrid
homologs are examined through phylogenetic methodologies. Additionally, a more thorough
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classification of teretoxin gene superfamilies is proposed using 24 transcriptomes compared to the
two transcriptomes that were used in the first analysis (Gorson et al. 2015). The increase in
transcriptome number in turn increased the inventory of putative teretoxins by 20-fold and has
shed light on both the intra- and inter- specific variation that exists within terebrid snail venom.
The putative teretoxins identified do not only enhance our understanding of venom gene evolution
in a group of predatory marine snails, but the identified venom peptides have also increased the
pool of peptides for discovering new drug therapies.

Results
Putative teretoxin identification
An in-house bioinformatics pipeline was used to identify 2299 putative teretoxins from
venom gland transcriptomes of 24 terebrid specimens (Figure 3.2). De novo assembly of the 24
transcriptomes had an average assembly size of 162,599 and an average N50 of 733 (Table S3.1).
The 24 transcriptomes belong to 17 distinct species, representing several clades across the
Terebridae phylogeny. There is 1 transcriptome from the Oxymeris clade (B), 15 transcriptomes
from the Terebra clade (C), 5 transcriptomes from the Hastula clade (D), and 3 transcriptomes
from the Myurella clade (E). In the Terebra and Hastula clades, the clades for which all of the
species have a venom gland, replicate specimens were sequenced to investigate intraspecific
teretoxin variation. Specifically, there are 5 Terebra subulata transcriptomes, 2 Terebra guttata
transcriptomes, and 2 Hastula matheroniana transcriptomes.
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Figure 3.2 Venomics pipeline for the identification of toxin homologs. Diagram of the
bioinformatics pipeline followed to identify putative venom components in terebrids. The
different steps are highlighted with colored ovals and the corresponding software used
indicated below each step. After RNA extraction and sequencing, the first step is data
processing (blue) and de novo assembly of the transcriptomes. Subsequently, a gene prediction
and filtering step (purple) is performed, in which contigs are translated into amino acids, and
open reading frames and signal sequences are predicted. The following step is a homology
search (red) using BLAST. The results are validated (green) through BLAST and phylogenetic
reconstructions to generate a final list of candidate toxins (orange).

To quantitatively measure the quality of the transcriptome assemblies, the program
BUSCO (Benchmarking Universal Single-Copy Orthologs) was used to determine the amount of
eukaryote core genes ((n=429) evolutionarily conserved orthologs) present in the assemblies. All
transcriptome assemblies had BUSCO percentages >50%, which is not unusual since all
transcriptomes were assembled from specific venom gland tissues (Figure S3.1).
All transcriptomes had on average 135 putative teretoxins. Differences in venom peptide
toxin composition are commonly found among different species (Colinet et al. 2013; Barghi et al.
2015; Phuong et al. 2016), but the variation in putative teretoxins recovered from each of the
terebrid transcriptomes may also be explained by differences in library construction methods and
sequencing depth. To ensure the bioinformatics pipeline was in fact identifying putative venom
peptides, one of the transcriptomes comes from the tissue of the accessory feeding organ of
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Oxymeris areolata, a terebrid lacking a traditional venom gland. In the Oxymeris areolata
transcriptome, only 11 venom peptides were identified, 4 of which are similar to turripeptides, 3
of which are similar to conotoxins, 2 of which are similar to Kunitz-type serine protease inhibitors
and only 2 of which are similar to teretoxins. The identification of some teretoxin venom peptides
in O. areolata is expected as the venom apparatus was ancestral to terebrids and it is not surprising
to find venom peptide homologs in “nonvenomous” animals, as was done by Fry et al. (2003) in a
“nonvenomous” colubrid (Fry et al. 2003). Therefore, the benchmarking activity demonstrates the
accuracy of the bioinformatics pipeline (Figure 3.2).

Inter- and Intraspecific comparison of putative teretoxins
To determine the composition of putative teretoxins identified we classified them based
on their cysteine framework, which is the pattern of cysteines found in the mature teretoxin

Figure 3.3. Comparison of peptide toxin frameworks. A. Heatmap showing the interspecific variation of
relative cysteine frameworks in 17 terebrid transcriptomes and all published Conus peptides. B. Pearson
correlation showing the similarities/differences between the distribution of cysteine frameworks in terebrid
and Conus venom.

peptides. We used the same cysteine framework Roman numeral nomenclature as applied to cone
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snail conotoxins and compared the quantity of teretoxins found in each cysteine framework to what
is found in conotoxins. The 2299 putative teretoxins identified from our bioinformatics pipeline
displayed a wide array of cysteine frameworks (Figure 3.2). Specifically, terebrids have a
substantial proportion of putative teretoxin venom peptides with cysteine framework VI/VII, VIII,
IX, and XXII (Fig. 3.3A). It should be noted that cone snails also have a sizeable proportion of
venom peptides that fall into framework VI/VII, however, they have a very small proportion of
framework VIII, IX, and XXII putative peptides. Similarly, cone snails also have a high proportion
of framework I and III toxins, while terebrids do not. In fact, there was not a single framework III
teretoxin found in the terebrids, while 19% of all cone snail conotoxins are framework III. Most
striking, is the large amount (on average 22%) of venom peptides in terebrids that are identified as
having unique frameworks. This finding confirms that the divergence of terebrids and cone snails
have resulted in each having distinct venom arsenals. The novel putative teretoxin peptides will be
classified with new cysteine frameworks, distinct from those found in conotoxins. It is expected
that these putative peptides will likely have novel molecular targets to those associated with cone
snail peptides.
Along with family differences between cone snails and terebrids, we also found
interspecific differences within the Terebridae family (Figure 3.3). As made evident by the Pearson
correlation heatmap (Figure 3.2B), differences in cysteine distribution can be most seen when
comparing Hastula albula, Myurella kilburni, and Terebra amanda with the rest of the species. In
all three of these species, less than 10% of the putative teretoxins are framework VIII, while on
average framework VIII peptides represent 15% of all peptides in the other terebrid species. M.
kilburni also has the lowest percentage of framework IX putative teretoxins and H. albula is the
only species where a framework XXV teretoxin peptide was found. Though differences exist, we
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also find putative venom peptides with 100% sequence identity in multiple terebrid species. For
example,

mature

venom

peptide

DTKLFFDDCTACEKGCVYSLTCNCFDRSDYCFCDCPSQFY, which is a framework XXII
and has 8 cysteines, can be found in Terebra argus, T. babylonia, T. funiculata, T. guttata-2,
Cinguloterebra jenningsi, Hastula matheroniana, T. straminea, and T. textilis. Similarly, mature
venom peptide VALPCPYGCPLRCCHMTDGVCLRNKQGC, which is a framework VI/VII and
has 6 cysteines, can be found in Hastula albula, Terebra cingulifera, H. hectica, Cinguloterebr
jenningsi, H. matheroniana, Myurella paucistriata, T. subulata-3, T. subulata-4, and T. textilis.
In addition, we find intraspecific variation within the species Terebra subulata, Terebra
guttata, and Hastula matheroniana, where we had replicate transcriptomes (Figure 3.4). In all

Figure 3.4. Comparison of peptide toxin frameworks within species.
Heatmap showing the intraspecific variation of relative cysteine frameworks in
3 terebrid species and 9 terebrid transcriptomes.

three species we see the same general pattern, high percentages of frameworks VI/VII, VIII, IX,
and novel, while having relatively low percentages of the remaining frameworks. T. subulata-1
has only 7% framework VIII peptides, while the rest of the T. subulata samples have >12%
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framework VIII peptides. Similarly, in H. matheroniana-2, there is a combined 7% of framework
XI and XII peptides, while H. matheroniana had no framework XI an XII identified. A
longstanding question in venom research is why the venom arsenals of predatory animals have so
many peptides. By first characterizing the teretoxins in several species of terebrids we have
provided a foundation to begin to examine how terebrid venom variation may be linked to
evolutionary patterns such as diet or speciation.

Comparison of venom protein toxin classes found in terebrid venom
While teretoxins were the vast majority of all venom peptides identified, venom proteins
similar to other toxin classes were also identified. Phylogenetic trees of aligned mature peptide
toxins were constructed to evaluate evolutionary relationships of selected kunitz-type serine
protease inhibitor, turriptpetide, actinoporin, and conopressin venom toxin classes. For example,
a total of 55 Kunitz-type serine protease inhibitor peptides were found in our in house teretoxin
database (Figure 3.5). Kunitz-type serine protease inhibitors have a broad range of activities, which
include inhibiting the activities of serine protease genes that have roles in blood clotting, signaling
pathways, and enzyme activation/degradation (Page & Di Cera 2008). Kunitz-type serine protease
inhibitors have been identified in the venoms of snakes and bats (Francischetti et al. 2013;
Fernández et al. 2016; Low et al. 2013), jellyfish (Liu et al. 2015), leeches and bloodworms (Kvist
et al. 2014; von Reumont et al. 2014b) and a plethora of insects (Negulescu et al. 2015; Kim et al.
2013; Qian et al. 2015; Takác et al. 2006; Veiga et al. 2005; Sigle & Ramalho-Ortigão 2013;
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Ribeiro et al. 2007). The terebrid Kunitz-type serine protease inhibitors identified were validated
using InterProScan (Jones et al. 2014; Zdobnov & Apweiler 2001) and only kept if the Kunitz
domain was identified. Interestingly, the terebrid Kunitz-type serine protease inhibitors diverge

Figure 3.5. Phylogenetic tree of Kunitz-type serine protease inhibitors. Kunitz-type serine protease inhibitor
phylogeny includes sequences from venomous and non-venomous taxa and terebrid sequences. Terebrid
sequences are highlighted in bold. Tree was reconstructed with RAxML v8.2.10. Numbers at the nodes
represent bootstrap values, estimated through the bootstopping algorithm.

into two separate groups, one similar to Conus toxins and snakes and another similar to Conus
toxins and scorpions (Figure 3.5). This could have arisen by an ancestral duplication of these
venom genes in the ancestor of the family followed up divergence and the acquisition of distinct
amino acids, which led to two different terebrid Kunitz toxin subgroups.
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With regards to turripeptides, a total of 14 teretoxin peptides similar to turripeptides were
found in our teretoxin database (Figure 3.6). Turripeptides are short peptides, rich in cysteines,
that were found in the venoms of turrids, a diverse group of Conoidean snails that are related to

Figure 3.6. Multiple sequence alignment of turripeptide-like sequences. Multiple sequence alignment of
turripeptides and terebrid sequences generated by MAFFT v7.310. Conserved residues are colored, including the
conserved cysteines, which are highlighted in red. The first 14 peptides are from terebrids and were identified in
this study.

cone snails and terebrids (Watkins et al. 2006). Turripeptide-like toxins have been identified in
bloodworms, jellyfish and zoanthids (von Reumont et al. 2014b; Brinkman et al. 2015; Huang et
al. 2016). Similar to conotoxins, turripeptides function as neurotoxins that modulate ion channels,
which can have an array of different functions (Gonzales & Saloma 2014; Aguilar et al. 2009).
The tereteoxins identified have the same cysteine framework (C-C-C-C-C-C) as three turripeptides
previously identified as well as five polychaete sequences identified as turripeptides (Figure 3.6).
A total of 16 teretoxin peptides similar to actinoporins were found in our inhouse
database (Figure 3.7). Actinoporins are a highly conserved cytolytic toxin class that lack cysteines
and act by forming pores within biological membranes that can lead to cell death (García-Ortega
et al. 2011) and have been found in sea anemones (Bjoern von Reumont et al. 2014; García-Ortega
et al. 2011), mollusks (Shiomi et al. 2002; Gorson et al. 2015), annelids (Björn M von Reumont et
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al. 2014) and chordates (Warren WC et. al. et al. 2008). The actinoporin peptides are similar to
Conus peptides as well as Monoplex peptides, which further validates the identification of these
sequences (Figure 3.7).
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Figure 3.7. Phylogenetic tree of actinoporins. Actinoporin phylogeny includes sequences from venomous and
non-venomous taxa and terebrid sequences. Terebrid sequences are highlighted in bold. Tree was reconstructed
with RAxML v8.2.10. Numbers at the nodes represent bootstrap values, estimated through the bootstopping
algorithm.
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Finally, 12 teretoxin peptides similar to conopressins were found (Figure 3.8).
Conopressins are short, nine residue peptides with two cysteines that were first discovered in the
venoms of Conus geographus and Conus striatus and are similar to vasopressin, which are
hormonal neurotransmitters (Cruz et al. 1987). All conopressins identified in the terebrids start
with the same seven residue sequence, CFIRNCP, identified in C. geographus and C. striatus
(Figure 3.8).

Figure 3.8. Multiple sequence alignment of conopressin sequences. Multiple sequence alignment of
conopressins and terebrid sequences generated by MAFFT v7.310. Conserved residues are colored, including the
conserved cysteines, which are highlighted in red. The first 12 sequences are from terebrids and were identified
in this study.

Teretoxin venom gene superfamily identification
Having identified and characterized >2000 teretoxins it is now possible to determine
teretoxin venom gene superfamilies. All terebrid venom peptides are expressed as a single gene
with a signal sequence, a pro-region, and the mature peptide (Terlau & Olivera 2004). The signal
sequence of each gene has been used in cone snails to group mature peptides into functional gene
superfamilies (Robinson et al. 2014). Similarly, it is expected that teretoxins can also be grouped
into gene superfamilies using their signal sequences. In fact, the first two terebrid transcriptomes
from Triplostephanus anilis and Terebra subulata were used to propose 14 teretoxin gene
superfamilies, of which 13 out of the 14 superfamilies were distinct from cone snail superfamilies
(Gorson et al. 2015).
Three important criteria are used to establish a gene superfamily classification that is
phylogenetically relevant and reflects the evolution of teretoxins and enables the identification of
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terebrid gene superfamilies: 1) A new teretoxin superfamily should be an independent lineage, not
be nested within another clade, and have strong support values (bootstrap ≥70). 2) Sequence
identity within the potential superfamily should be at least 60%. And 3) The cysteine pattern should
be different from the one found in the sister clades. The signal sequences from the 24 terebrid
transcriptomes that were assembled were used to classify 27 terebrid venom gene superfamilies.
A pairwise distance matrix for all 2299 putative toxins was analyzed through Automatic
Barcode Gap Discovery (ABGD) (Puillandre et al. 2012), and signal sequences were assigned into
hypothetical groups. Signal sequences that were alone in a group were removed for further
analysis. Of the 2299 sequences identified, 1995 sequences were used to generate a tree to identify
superfamilies. Twenty-seven superfamilies were identified following the criteria outlined above
(Figure 3.9). Each superfamily, by definition, is characterized by a conserved signal sequence and
generally by a unique conserved cysteine framework. For example, superfamily T1 is
characterized by framework IX, while superfamily T2 is characterized by framework VI/VII.
There are some superfamilies that are characterized by more than one cysteine framework
(superfamilies T22, T23, and T26), which is acceptable as reported in conotoxins because of
possible gene duplication events and other gene expression mechanisms (Robinson & Norton
2014). All 27 superfamilies are unique from those superfamilies identified in cone snails and are
different from those previously identified by Gorson et al. in 2015 (Gorson et al. 2015).
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Fig. 3.9. Teretoxin gene superfamilies. Circular phylogeny of terebrid gene superfamilies (midpoint root)
obtained from MAFFT alignment of teretoxin signal sequences under ML criteria with JTT + I + G and 1,000
pseudoreplicates. Clades highlighted in red have strong support values but only those that meet additional criteria
(see details in text) are designated as teretoxin superfamilies. Inner ring shows superfamily name and outer ring
shows cysteine framework of the superfamily.

Discussion
The Unique Venom of Terebrids
This study applied Next Generation Sequencing and state of the art bioinformatics to
accomplish a large scale, comprehensive analysis of 24 transcriptomes with a focus on identifying
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disulfide rich venom peptides. Two thousand two hundred twenty nine teretoxins were
successfully identified using a validated in-house bioinformatics pipeline. The assembled teretoxin
database was used to characterize convergent evolution of venom peptides across multiple toxin
classes with a focus on teretoxins and identified 27 teretoxin gene superfamilies and associated
cysteine frameworks.
This study demonstrates the differences between teretoxins and conotoxins. The
distribution of cysteine frameworks in cone snails and terebrids varies greatly, with the exception
of framework VI/VII peptides, which are abundantly found in both cone snails and terebrids.
Although the biggest differences were found between cone snails and terebrids, we did find some
differences within the family as well as within species. Inter- and intraspecific variation in venom
composition have been documented as a result of diverse factors such as sex, age, diet or
biogeography (Cipriani et al. 2017; Sunagar et al. 2014; Colinet et al. 2013; Phuong et al. 2016;
Barghi et al. 2015). We attempted to analyze venom variation due to diet and the results of this
study is discussed in Chapter 4.
To date, the best way to identify putative toxins is through homology searching such as
BLAST. However, this method continues to leave unique venom peptides undiscoverable. Even
with advancements in computational technologies, machine learning for example, a “known”
dataset must be used to train a program to identify putative toxins, which biases the search results.
Therefore, proteomic analysis of the venom duct is an incredibly valuable tool that must be utilized
in future studies. Proteomics will also allow for the identification of post-translational
modifications, which are abundant in cono- and teretoxins (Craig et al. 1999; Safavi-Hemami et
al. 2010; Buczek et al. 2005; Gorson et al. 2015).
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Terebrid species express a wide array of putative toxins that represent at least five known
venom toxin classes. These toxin classes have been convergently recruited into a diversity of
animal venoms. The recovered Kunitz-type serine protease inhibitors, actinoporins, conopressins,
and turripeptides confirm that terebrid venom is a complex cocktail of venom peptides used for
predation and possibly for defense. It is proposed that proteins/peptides found in venoms are the
result of toxin recruitment events, by which an ordinary protein gene, generally involved in some
key regulatory process, is duplicated and the new gene is expressed in the venom gland under
strong selection pressures (Fry et al. 2009; Casewell et al. 2013b). Once recruited, these new genes
may undergo additional gene duplication events coupled with neofunctionalization, which results
in gene families that encode peptide toxins with innumerous molecular targets and functional
activities (Casewell et al. 2013b). Therefore, it is not surprising to find similar toxins in very
distantly related organisms as the venom genes have evolved convergently under strong predatorprey pressures. It is important to note that there are several clades with low support values.

Terebrid Superfamilies
Twenty-seven unique superfamilies (T1-27) were identified mimicking the criteria
outlined in Gorson et al. (2015). Interestingly, all 27 superfamilies are unique from cone snail
superfamilies. This lack of similarity supports prior hypotheses regarding the potential to identify
novel and undescribed venom peptide superfamilies and mature toxins in the Terebridae
(Puillandre & Holford 2010; Gorson et al. 2015). Though 27 new gene superfamilies were
identified in this study, there are concerns for two reasons: 1) None of the superfamilies identified
in 2015 were recovered in this analysis and 2) No superfamily had greater than ten sequences. As
the number of sequences to be analyzed grows, the topology of the superfamily phylogeny
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changes, which causes a discrepancy in superfamily identification when using just two specimens
(done in 2015) and twenty-four specimens (done in this study). Therefore, it is expected that as the
number of terebrid transcriptomes assembled increases we may see additional teretoxin gene
superfamilies emerge until we have a threshold of teretoxins that is representative of the whole
terebrid venom arsenal. Additionally, as signal sequences are very short sequences and generally
do not exceed 30 amino acids, support values remain low throughout the tree. Therefore, using
programs to compute pairwise differences between sequences followed by a program to group
sequences into hypothetical groups, such as ABGD (Puillandre et al. 2012), helped to remove
sequences that are unique in the dataset and increase support for the phylogenetic analyses.

Conclusions
This study lays a foundation for the continued investigation of terebrid venom peptides
using cutting edge technology. A new benchmarked bioinformatics pipeline was created to aid in
the ongoing challenge of assembling non-model organism transcriptomes de novo. The expansive
number of terebrid venom gland transcriptomes assembled allowed for a high depth of coverage
that is reflected in the number of teretoxins identified and in the non-teretoxin identified for the
first time in terebrids. The identification of more than two-thousand putative teretoxins enabled a
comprehensive comparison of cone snail and terebrid venom peptides, which led to the conclusion
that while teretoxins share organizational features with conotoxins, they differ substantially,
namely in terms of cysteine framework distributions and gene superfamilies. This study shed light
on the importance of studying non-model organisms to investigate fundamental questions about
venom gene evolution and increased the pool of peptides available for examining the structure and
function of ion channels.
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Methods
Collection, Extraction, and Sequencing
Samples used in this study were collected on a 2011 expedition to Inhaca, Mozambique, a
2014 expedition to Madang, Papua New Guinea, and a 2015 expedition to Madang, Papua New
Guinea. Venom glands from each specimen was dissected in the field and stored in RNAlater and
frozen at -80°C until used.
Total RNA was extracted using a Qiagen RNeasy Micro kit, from individual samples,
except in two cases where venom gland tissues were combined from four individuals because of
their extremely small sizes (Myurella kilburni and Triplostephanus anilis). The integrity of total
RNA was confirmed using agarose gel electrophoresis. Total RNA was used as a template to
perform polyA enriched first strand cDNA synthesis using the HiSeq RNA sample preparation kit
for Illumina Sequencing (Illumina Inc., CA) following manufacturer’s instructions. The Agilent
2100 BioAnalyzer was used to assess quality in the resulting cDNA libraries.
The cDNA libraries were sequenced using Illumina HiSeq 1000 technology using a paired
end flow cell and 80 x 2 cycle sequencing at the New York Genome Center or at the Weill Cornell
Medical College genomics resources core facility.

Read Processing, De Novo Assembly, and Putative Toxin Identification
Raw

reads

were

quality

checked

with

FastQC

v0.11.5

(www.bioinformatics.babraham.ac.uk). Adapter sequences and low-quality reads (Phred score
<33) were removed using Trimmomatic v0.36 (Bolger et al. 2014) and trimmed reads were reevaluated with FastQC to ensure the high quality of the data after the trimming process. Due to the
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lack of a reference genome, the processed reads were de novo assembled using Trinity v2.4.0 (Haas
et al. 2013; Grabherr et al. 2011b).
De novo assembled transcriptomes were analyzed to identify putative toxins and venom
components following a custom in silico venomics pipeline modified from Gorson et al. (2015)
(Gorson

et

al.

2015).

Transcriptomes

were

translated

with

EMBOSS’

GetORF

(http://emboss.sourceforge.net/apps/cvs/emboss/apps/getorf.html). As venom is mainly composed
of secreted peptides, SignalP v4.1 (Petersen et al. 2011) was used to predict signal peptide
sequences in the putative coding regions. Only putative peptides with a signal sequence were
analyzed using homology search strategies. Transcripts were searched using the BLASTP tool
(Altschul 1997; Johnson et al. 2008) against an in-house database that includes all known toxins
available in public databases such as ConoServer (Kaas et al. 2008, 2012) or Tox-Prot (Jungo &
Bairoch 2005; Jungo et al. 2012) and additional putative toxins identified by the Holford group.
Hits with an e-value of 1x10-5 or less were cross validated by being searched against the
UniProtKB/Swiss-Prot database using BLASTP (Altschul 1997; Johnson et al. 2008). Transcripts
were considered putative toxins if 1) the best hit from the UniProtKB/Swiss-Prot database had a
higher e-value than the initial hit from the venom database, or 2) the best hit from the
UniProtKB/Swiss-Prot database was labeled as a toxin. If this criteria was not met, transcripts
were considered false positive and discarded from further analysis. (Figure 3.1)

Phylogenetic Reconstruction of Putative Venom Toxin Homologs
Phylogenetic analyses of individual toxin families including terebrid homologs were
performed to validate the homology searches predicted using BLAST to investigate evolutionary
relationships across taxa. Selected putative toxins (i.e. non-redundant contigs that were identified
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as a toxin by BLAST search methods) and similar sequences from venomous and non-venomous
taxa spanning the Metazoa were downloaded from Uniprot and provided by Verdes et al. (2018)
and aligned with MAFFT v7.310 (Katohs & Standley 2013). The best model of protein evolution
for each family was selected with ProtTest 3 (Darriba et al. 2011) and used for phylogenetic tree
reconstruction on the Cipres Science Gateway (http://www.hylo.org/portal2), using the RAxMLHPC Blackbox tool version 8.2.10 (Stamatakis 2006b, 2006a), with support values estimated
through a bootstopping algorithm. All trees were rooted with non-venomous homologs.

Identification of Teretoxin Superfamilies
Following the superfamily classification outlined in Gorson et al. (2015), only signal
sequences were analyzed using phylogenetic methods to define super families (Gorson et al. 2015).
Signal sequences of all putative teretoxins were identified using SignalP (Petersen et al. 2011) and
ConoPrec on the Conoserver website (Kaas et al. 2008, 2012). Corresponding nucleotide
sequences were used to group sequences into hypothetical groups. Evolutionary divergence was
calculated between sequences (pairwise differences) using the MEGA 4 algorithm (Tamura et al.
2007) and the MEGA distance matrix was analyzed using ABGD (Puillandre et al. 2012) to predict
hypothetical groups based on the distribution of pairwise differences. Sequences that were grouped
alone were removed from the dataset. Peptide signal sequences were aligned using MAFFT (Katoh
et al. 2002; Katoh & Standley 2013) and the best fitting model of protein evolution (JTT + I + G)
was selected using ProtTest 3 (Darriba et al. 2011) following the AIC and used for phylogenetic
tree reconstruction. Maximum likelihood analyses were conducted using RAxML version 8.2.10
(Stamatakis 2006b, 2006a) and the bootstopping algorithm on the CIPRES portal (Miller et al.
2010). There has been no gene identified to be an appropriate outgroup for this analysis.
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Chapter Four
Determining drivers of Terebridae venom diversity as inferred by diet

Introduction
Across the animal kingdom, interspecific variation and speciation are driven by factors
such as diet (Lobato et al. 2014), resource partitioning and niche separation (Knudsen et al. 2006),
climate change (Carstens & Knowles 2007), phenotypic plasticity (Stauffer & van Snik Gray
2004), and hybridization (Peterson et al. 2009). Diversification, specifically in organisms using
venom for predation, is proposed to be driven by the acquisition of a venom apparatus, which
enables proliferation into new niches and opportunities to diversify prey, which is favorable for
speciation (Fry et al. 2012, 2006). This hypothesis is supported by the fact that venom for predation
has evolved several times across the tree of life (Fry et al. 2009). As venoms are considered to be
a key driver of species diversification, size ranges, body plans, habitat ranges, and developmental
strategies can vary greatly among related venomous organisms (Casewell et al. 2013b; Phuong et
al. 2016; Fry et al. 2006). The variations in mechanism of delivery (beaks, fangs, harpoons, spines,
etc.) as well as variations in venom composition (proteins, peptides, small molecules, etc.) make
venomous organisms an excellent case for studying theories of convergent evolution.
Understanding the selective forces that drive diversification is critical in understanding evolution
in venomous organisms.
Diet has always been thought to be a major driver of venom composition patterns because
of a perceived link between venom composition and prey acquisition (Vonk et al. 2011; Casewell
et al. 2013b). There are two main hypotheses to explain the link between diet and venom
composition: 1) prey preference can determine venom components (types of compounds in venom)
(Daltry et al. 1996) and 2) there should be a positive correlation between dietary breadth and
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venom complexity (number of compounds in venom) (Pahari et al. 2007; Li et al. 2005). Studies
that show that venoms from different species are most effective on their preferred prey help support
the first hypothesis that prey preference can drive venom composition (Silva & Aird 2001;
Richards et al. 2012). Similarly, to support the second hypothesis (number of compounds in
venom) studies have shown that increased prey breadth is correlated to venom complexity. For
example Phuong et al. (2016) found that cone snails with a more generalized diet tend to have
more complex venoms (Phuong et al. 2016) or Li et al. (2005) who found a 50- to 100- fold
decrease in toxicity of venom in a group of sea snakes that have shifted to eating only fish eggs
(Li et al. 2005).
The Terebridae (auger snails) is a family of carnivorous marine snails that capture their
prey with a variety of different techniques, exemplified by structural variations in their foregut
anatomy. Although some members of the Terebridae family produce venoms using a venom gland
similar to that which is found in their close relative (cone snails), many terebrids have lost a
structured venom apparatus (Holford et al. 2009; Holford et al. 2009; Castelin et al. 2012). In the
1970’s, based on analysis of the foregut, Miller identified the fascinating degree of anatomical
variability and described three different types of terebrid physiology: (1) Type I has salivary glands
present, a shrunken buccal tube, but lack a radular sac, a venom duct, and a venom bulb; (2) Type
II has a venom apparatus similar to that found in Conus, which includes a radular sac, a venom
duct, venom bulb, and a proboscis, as well as salivary glands; (3) Type III lacks salivary glands
and a venom apparatus, but an accessory feeding organ is present (Miller 1970; Miller 1970). In
2012, Castelin et al. mapped the six characteristics that define these 3 different feeding types
(proboscis, venom gland, odontophore, accessory proboscis structure, radula, and salivary glands)
on to the terebrid phylogeny to assess the evolution of anatomy in the Terebridae (Castelin et al.
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2012). Their results indicate the hypodermic radula found in the Terebridae used to inject venom
into prey likely evolved independently on at least three occasions, the proboscis was lost six times
in the Terebridae, while the venom gland was lost eight times (Castelin et al. 2012). Additionally,
it was revealed that the diversity of foregut anatomies found in the entire Conoidean superfamily
was present in just the Terebridae family. As shown in Chapter 2 of this dissertation, we expanded
the number of feeding types from the traditional 3 Miller types to 12 distinct foregut anatomies
(Gorson et. al 2018). In our investigation, foregut anatomy types were not restricted by
phylogenetic relatedness, but rather, one anatomy type could be associated with species in multiple
different clades.
Although diet is widely accepted as a major force in shaping venom evolution across a
plethora of taxa, there have been few multi-species studies that specifically look at the role of diet
on venom composition and species diversity. Repeated innovations in the foregut anatomy and
variations in venom composition suggest that the Terebridae adapted to eating different diets and
to date, this hypothesis remains untested. Here, we perform the first molecular study of the
Terebridae diet using DNA-barcoding of the gut contents of terebrids, to better understand the link
between terebrid foregut anatomies, venom diversity, and prey diversity. Specifically, we employ
a gut metabarcoding approach, using tailored primers and Next Generation Sequencing (NGS), to
investigate the prey of 17 species across the Terebridae phylogeny and examine the correlation
between terebrid gut content and venom gland transcriptomes.
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Figure 4.1. Representative terebrids and their annelid prey. (1) Hastula
hectica. (2) Myurella nebulosa. (3) Terebra subulata. (4) Terebra argus. (5)
Myurellopsis undulata. (6) Terebra guttata. (7) Scolelepis. (8) Neanthes. (9)
Pygospio. (10) Odontosyllis. (11) Syllis. (12) Worm pulled from the mouth of
Terebra guttata (6), identified as Scolelepis.

Results
Terebrid gut content characterization reveals a diversity of annelid diet
A select group of terebrid specimens was used to investigate diet. Specifically, the gut
content of 17 species from across the six terebrid clades was sequenced and the range of worm
prey genera detected in each predator specimens was between 1 and 7 (M=3.06, SD=1.37), and
for each species was between 2 and 11 (M=6.18, SD=2.58) (Fig. 4.2). Overall, eighteen different
worm genera, belonging to nine families and two phyla (Annelida and Sipuncula) were identified
as terebrid prey. The most represented prey was the genus Scolelepis Blainville, 1828
(Spionidae:Polychaeta), found in 16 species out of 17 terebrid species and in 89% of the analyzed
specimens (n=71). Three other annelid genera, Pseudopolydora Czerniavsky, 1881
(Spionidae:Polychaeta), Spio Fabricius, 1785 (Spionidae:Polychaeta) and Neanthes Kinberg, 1865
(Nereididae:Polychaeta) were largely represented as well (13-15 species and 30-48% of the
specimens). DNA of each of these four prey genera were detected in terebrid species collected in
all macro sampling areas, having or not having a venom apparatus and belonging to all the
considered phylogenetic clades. One third of the total prey genera detected, including the only
sipunculid record, were instead found in only one terebrid species and in 1 to 3 specimens. In
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Figure 4.2. Terebridae phylogeny and annelid genera identified in the gut. Smaller pie charts represent the
diet of each adjacent taxon. Larger pie charts represent the aggregate diet for terebrids in the same clade.
Terebrids with a venom gland are highlighted in red.

general, the Annelid genera found as terebrid prey belong to two classes: Errantia (7 genera) and
Sedentaria (10 genera). In all specimens but one, we found at least one Sedentaria prey and all
other samples had between 1 and 5 Sedentaria prey genera, while in only half of the dataset (n=36)
we detected at least one Errantia prey, with the highest number being 4 (Figure 4.1). Interestingly,
a Terebra guttata sample collected in the field was found with a worm in its mouth (Figure 4.1).
The 16S gene of the worm was sequenced and BLASTed against nr and was identified as
Scolelepis eltaninae with a reported e-value of 7x10-94. S. eltaninae belongs to the Spionidae
family, which was highly prevalent in all terebrid species analyzed in this study.

Correlation between presence/absence of a venom apparatus and diet diversity

- 71 -

The Kruskal Wallace non-parametric
test detected a significant difference of
diet

breadth

between

terebrid

specimens with and without venom
apparatus

(p<.01).

Specifically,

terebrid specimens with a venom gland
present had a more restricted diet (12
annelid genera recorded) than terebrid
species without a venom gland (16
annelid

genera

recorded)

(Figure

4.3A). A randomization test was
preformed to further corroborate the
results of the Kruskal Wallace nonparametric test. The difference between

Figure 4.3. Comparison of gut contents in terebrids with
and without a venom gland (VG). (A) Diet diversity in
terebrids with a VG present and absent. (B) Histogram showing
the frequency of Shannon index differences with randomized
data in blue and with study data in red.

the Shannon diversity indexes observed
for the samples with the presence (1.91) and absence of a venom apparatus (2.26) was calculated
and found to be 0.352. Observations were then randomized by column 100 times and the
differences in Shannon indexes was recalculated. It was found that our data produced the greatest
difference in Shannon indexes (p<.01), supporting the finding that terebrid species without a
venom gland had a greater diversity of annelid diet (Figure 4.3B).
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Venom variation and diet diversity
The transcriptomes from six terebrid specimens (Hastula hectica, Hastula matheroniana,
Terebra subulata, Terebra guttata, Terebra argus, and Terebra straminea) were examined with
the results from their gut content sequencing to investigate correlations between terebrid venom
variation and diet diversity. To examine venom complexity and diet diversity, venom complexity
was defined by the number of cysteine frameworks identified and the number of total putative

Figure 4.4. Correlation of terebrid diet breadth and venom complexity. Correlation between diet
breadth and the number of putative toxins in six terebrids (A) and the correlation between diet breadth
and the number of cysteine frameworks (B).

toxins identified. A small variation in number of cysteine framework between examined species
was detected, a range of 8 to 10 different cysteine frameworks were found in each species. On the
other hand, the number of mature terebrid venom peptide toxins resulted to be more variable, total
number of venom peptides ranged from 41 to 128 in our analyzed species. Hastula hectica showed
the lowest venom diversity while Hastula matheroniana showed the highest. Plots of the average
species Shannon index against the number of mature toxins and cysteine frameworks did not
produce any significant patterns (Figure 4.4).
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Although no statistical results were uncovered, there are descriptive results worth noting.
For example, Hastula hectica has a venom composition different from the other five individuals
analyzed in this study (Figure 4.5). H. hectica has a higher proportion of framework I and XI
putative teretoxins and surprisingly has no framework XXII putative teretoxins, which on average
account for approximately 7% of all teretoxins. Interestingly, of the six individuals analyzed, H.
hectica was the only individual that consumed Neanthes and did not consume Scolelepis, which
was found as prey in the other terebrid species (Figure 4.5). Likewise, T. subulata, T. argus, and
T. straminea all consume the same genera of annelids (Scolelepis and Pseudopolydora) but their
venom composition is not the same. A similar pattern is shown with H. matheroniana and T.
guttata, suggesting venom variation may not be linked to diet preferences.

Figure 4.5. Comparison of peptide toxin frameworks and gut content of terebrids. Heat map
showing the interspecific variation of relative cysteine frameworks in terebrid toxins. Adjacent pie charts
represent the identified diet for each specimen.

No correlation between abiotic factors and diet diversity
To investigate other drivers of terebrid diversification that might not be tied to venom, we
investigated shell length, geographic location, and depth. The Jaccard heat map did not identify
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any similarity between the diet of different terebrids, except between Myurella undulata and
Terebra dislocata. H' index distributions showed nonsignificant differences between phylogenetic
clades, macro collecting areas and shell lengths (Figure S4.1). No significant differences were
detected when comparing H' distributions and maximum, minimum, average and range of
collecting depth. A significant negative correlation emerged between shell length and number of
prey genera for each specimen (Figure S4.1B).

Discussion
The degree of anatomical variation found in terebrids, including presence/absence of a
traditional venom apparatus, was previously thought to be correlated with venom diversification
and prey preference. This study applied a next generation sequencing approach to investigate this
hypothesis and was the first to molecularly identify annelid prey genera in the gut contents of
terebrids to determine diet variation among terebrid species. We identified a total of 18 annelid
prey genera being consumed by terebrids, of which Scolelepis and Spio (both in the Spionidae
family) were the most prevalent (Figure 4.1 and 4.2).
Our findings indicate there is a statistical difference between the dietary breadth of terebrid
species with and without a venom apparatus, where those with a venom apparatus consume fewer
annelid prey types than those without a venom apparatus. These results were further corroborated
with a randomization test and are not an artifact of the sampling group. Our results correspond
with the current literature that the evolution of venom production can cause prey specificity (
Barlow et al. 2009; Fry et al. 2008; Phuong et al. 2016; Casewell et al. 2013b). In a recent study
in snakes it was found that venom diversity was a result of adaptations to specific diets and the
complexity of venom in snakes is due to the fact that venoms are under strong natural selection
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pressures, to combat selection pressures in prey cellular targets (Daltry et al. 1996; Kordis et al.
2000; Barlow et al. 2009). Similarly, for terebrids with a venom gland, venom variation might be
explained by an evolutionary arms race between predator and specific annelid prey.
Contrary to what was found for cone snails, we did not find a statistical correlation between
venom complexity, either the type of compounds or the number of compounds, and diet diversity
(Phuong et al. 2016). The lack of statistical significance is most likely do to: 1) the low samples
size (only 6 of the 17 terebrid species were used in the venom variation analysis) and 2) a need to
redefine venom complexity. In Phuong et al.’s paper (2016), it was determined that total number
of mature toxins was the best indicator of venom complexity, while the number of gene
superfamilies and the number of cysteine frameworks were less ideal indicators (Phuong et al.
2016). Here we used both total number of mature teretoxins and the cysteine framework but did
not find a statistical correlation. Although there was no statistical correlation between genera of
prey consumed and distribution of cysteine frameworks in the venom, there is a quantitative
relationship wherein Hastula hectica had a different suite of putative teretoxins than the other
terebrids analyzed and it was the only snail that was found to consume Neanthes and not consume
Scolelepis. From our analyses we cannot definitively confirm if H. hectica diet preference can be
explained by the different putative teretoxins expressed in its venom gland. These results highlight
how important it is to examine teretoxins and diet within the context of a single individual. Our
findings and those of Phoung and colleagues both suggest the current method of classifying conoor teretoxins is not simple and venom complexity might need to be redefined.
Overall, we determined that the terebrid species used in this study are consuming the same
prey genera regardless of their species, foregut anatomy, shell size, and biogeography. Importantly,
apart from H. hectica, terebrids with and without a venom apparatus overlap in the prey genera
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that they consume. These findings highlight several unknowns about terebrid venom evolution that
require further examination to clarify, specifically: 1) Are the terebrid species that lack a venom
gland still producing venom using a different tissue, allowing them to capture and consume the
same genera of annelid prey? In several of the terebrid species used in our study, while they did
not have a venom gland they did have salivary glands, and it has been reported that the salivary
gland of Conoidean species as well of leeches, ticks and other animals can produce venom toxins
(Biggs et al. 2008; Min et al. 2010; Bose et al. 2017; Stafford-Banks et al. 2014; Mans et al. 2003);
2) Is venom unnecessary for prey capture in terebrids that do not have any components of the
venom apparatus (venom gland, proboscis, radular sac)? If this is true, it could explain why the
traditional venom gland has been lost on eight occasions in the Terebridae (Castelin et al. 2012).
While several questions are raised from our findings, our main result supports that the tremendous
amount of variation in terebrid foregut anatomy can possibly be explained by the niche variation
hypothesis. The niche variation hypothesis suggests that “populations with wider niches are more
variable than populations with narrower niches” (Van Valen 1965). The terebrids, which are
globally distributed and found at various bathymetric sea levels, have broadened their niches and
their diet so that they can overlap in geographical location and possibly even niche, but still not
have to over compete for food. In summary, this study illuminates the importance of examining
non-model systems to investigate questions about venom evolution, and specifically introduces
new questions about the feeding behavior of terebrid species that lack a venom gland.

Methods
DNA extraction and amplification for Next Generation Sequencing
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Seventy-one terebrid species (N= 71) collected in Kavieng, Papua New Guinea (N= 60),
Tampa, Florida (N= 4), and Fujairah, United Arab Emirates (N= 7) were chosen from five
phylogenetic clades to represent the diverse foreguts found in the Terebridae family. DNA was
extracted following a phenol chloroform extraction. Dissected guts were lysed overnight in lysis
buffer and proteinase K at 56ºC. After centrifuging the samples post incubation, 200 µL phenol
was added. Samples were centrifuged at 13,000 rpm and the supernatant was added to 100 µL
phenol and 100 µL chloroform. Following centrifugation, the supernatant was added to 200 µL
chloroform and centrifuged. The supernatant was added to 20 µL sodium acetate (3M, pH 5.2) and
400 µL 95% ethanol. After 2 hours resting at -20ºC, samples were centrifuged, and the resulting
pellet was suspended in 500 µL 70% ethanol. The pellet was collected and suspended in 50 µL
Tris EDTA buffer (pH 8) and stored at -20ºC. DNA was quantified using Invitrogen’s Qubit
fluorometer.

PCR primers and amplification
We established a set of PCR primers and a PCR protocol that optimized the amplification
of the 16S rDNA gene in marine worms. The PCR primers should ideally find a balance between
the short, degraded prey DNA found in the guts and a viable sequence length necessary for
identifying the prey. We aimed to optimize primers that would amplify a wide range of marine
worm DNA, the known prey of terebrids, without amplifying the terebrid DNA. For this study, we
selected a primer, which spans a fragment length of ~350 bp. The efficiency of primers was tested
by amplifying a mix of DNA containing terebrid and marine worm DNA in the ratios 100:1 and
1000:1, respectively. PCR products were confirmed on a 1.3% agarose gel stained with GelRed.
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PCR was carried out in 25 µL volumes with a final concentration of 1x of the supplied
PCR buffer (Invitrogen Platinum Hot Start PCR Master Mix 2X) and 0.2 µM of each forward and
reverse primer. For each reaction, 1µL of the extracted DNA was added. The thermocycler
protocol was 94ºC, followed by 40 cycles of 94ºC for 20 seconds, 60ºC for 20 seconds, and 72ºC
for a minute. The extension period lasted for 5 minutes at 72ºC and the PCR products were cooled
at 17ºC and stored at -20ºC following PCR product confirmation. Confirmation of PCR products
was based on the presence of a band in a 1.3% agarose gel stained with GelRed.

Library Preparation and Sequencing
Libraries were prepared using the Nextera XT DNA Sample Preparation Kit according to
the manufacturer’s protocol (Illumina 2014), unless otherwise stated. Following Illumina’s
(Illumina, USA) technical note for cluster optimization and the resultant quantity of data each
library was normalized for sequencing to 8 pM according to the manufacturer’s protocol. The
libraries were quantified using both a Qbit Fluorometer and Agilent 2100 Bioanalyzer and
equimolar amounts of DNA were pooled from each sample. Three pools were created with
approximately 30 samples per pool, to increase the amount of reads per sample. The three pooled
samples were each sequenced at the Hunter College/CTBR Bioinformatics sequencing facility, on
an Illumina MiSeq, using the Nano Kit V2 chemistry with 500 cycles and a PhiX spike in of 5%,
resulting in 300 bp paired end reads (Illumina, USA).

Bioinformatics Pipeline
Samples were demultiplexed using CASAVA (Illumina, USA) allowing no mismatch per
barcode. Remaining adapters were trimmed from the reads with Trimmomatic using the provided
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Truseq adapter sequences (Bolger et al. 2014). Paired reads were merged using FLASH (Magoč
& Salzberg 2011) with a minimum overlap of 250. FastX Toolkit (HannonLab 2014) was used to
quality filter reads with a minimum of 60% of bases ≥ Q30 and a minimum length of 150bp and
was used to trim PCR primer sequences. Trimmed sequences were then clustered at 97% sequence
identity using the cd-hit-est algorithm available from CD-HIT (Li & Godzik 2006). All resulting
sequence clusters were screened for chimeras using cd-hit-dup in CD-HIT (Li & Godzik 2006).

Reads identification
Obtained sequences were BLASTed against nr database using an e-value cutoff of 1x10-5
to discard eventual predator sequences and contaminations. For each sequenced specimen, retained
prey sequences were added to a database of ~400 16S rDNA sequences retrieved from NCBI
coming from a range of polychaete and sipuncula families. Sequences were aligned using MAFFT
(Katoh et al. 2002) and maximum likelihood trees were produced using RAxML (Stamatakis
2006b, 2006a) on the CIPRES portal (Miller et al. 2010). Due to the incompleteness of the 16S
rDNA polychaetes NCBI database at the species level, we considered it more reliable to identify
prey sequences at genus level. All sequences included in each phylogenetic clade were manually
inspected and a representative one was chosen and identified with the nearest genus in the tree.
Because of the inhomogeneity of our sequencings, we only considered our data to represent the
presence/absence of annelid genera.

Diet data analysis

- 80 -

For each prey genus detected, we reported the number of predator specimens and species
(absolute number and percentage frequency) and the sampling localities, the presence/absence of
the venom apparatus, and the phylogenetic clade of the predators.
For estimating the prey width, the Shannon's diversity index (H') was calculated at the
specimen and species level. The Jaccard similarity coefficient was used to graphically compare
predator diets and the results were displayed as heat matrices. Specimen diversity values were then
categorized by species, presence/absence of venom apparatus, phylogenetic clade, collecting
macro area (Florida, UAE, and Papua New Guinea) and shell length, and obtained distributions
were compared with the Kruskal Wallis non-parametric test. Using our in-house Terebridae
database, we recovered the maximum, minimum, and average collection depth of each species as
well as the depth range, and we plotted these data against the species Shannon's index. All analyses
were made with Past3.

Transcriptomics and identification of putative toxins
Putative toxins were identified using a transcriptomics and bioinformatics pipeline. RNA
was extracted from the venom duct of six terebrid species using a RNeasy Micro kit (Qiagen),
before storage at -80°C. RNA was sequenced using the Illumina HiSeq 2500 platform with a
multiplexed sample run in a single lane, using paired end clustering and 101x2 cycle sequencing.
Raw reads were quality filtered using FastQC (Andrews 2010) to retain sequences with a phred
score ≥30. Low quality reads and adapters were trimmed using Trimmomatic (Bolger et al. 2014).
The de novo assembly program, Trinity (Grabherr et al. 2011a; Haas et al. 2013), was used with
default parameters to assemble the six transcriptomes. Once assembled, EMBOSS’s GetORF (Ison
et al. 2011) was used to translate transcripts into Open Reading Frames (ORFs). SignalP (Petersen
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et al. 2011) was used to predict signal sequences in the translated ORFs, as teretoxins are secretory
peptides and are all associated with a signal sequences that is cleaved off before envenomation.
ORFs with a signal sequence were analyzed using the basic local algorithm search tool (BLAST)
(Altschup et al. 1990) and BLASTed against an in-house toxin database to identify putative toxins
similar to already known toxins. Sequences that hit to a peptide in the database with an evalue ≤
1x10-4 were then BLASTed against nr to ensure they were still BLASTing with a strong evalue to
a toxin. The list of putative toxins was finally run through ConoPrec (Kaas et al. 2008, 2012) to
predict pre- and post-cleavage regions and cysteine frameworks. The number of mature toxins and
cysteine frameworks obtained from the transcriptomics analyses were then plotted against the
average Shannon index calculated for each species.
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Chapter Five
Deciphering Nature’s arsenal: Using Drosophila behavioral assays to characterize venompeptide bioactivity
(This paper has been submitted as an article: Eriksson, A.; Anand, P.; Gorson, J.; Grijuc, C.;
Hadeliya, O.; Stewart, J.; Holford, M.; Claridge-Chang, A. Submitted. Deciphering Nature’s
arsenal: Using Drosophila behavioral assays to characterize venom-peptide bioactivity. Scientific
Reports.
Introduction
Venomous animals use their expansive venom arsenal to disrupt the physiology of other
animals, for both defensive and predatory purposes. Due to the energetic cost of venom and the
need for a fast-acting biological effect, venoms have evolved into cocktails of molecules with
potent neurotoxic, hemophilic, and cytotoxic activities (Dutertre et al. 2014). Specifically, venoms
contain numerous, diverse peptides, many with highly specific bioactive properties that have
proven useful as pharmacological therapeutics (Harvey 2014; Erak et al. 2018; Puillandre &
Holford 2010). Currently, six venom-derived peptides are commercially available drugs:
ziconotide for pain (Miljanich 2004); exenatide for diabetes (Fosgerau & Hoffmann 2015);
bivalirudin for anticoagulation (Shammas 2005); captopril for hypertension (Cushman & Ondetti
1991); and eptifibatide and tirofiban for coronary syndrome (Scarborough et al. 1999). Venompeptide research and drug discovery has increased exponentially with the advance of genomic–
transcriptomic sequencing and proteomic mass-spectrometry (Prashanth et al. 2012). However,
translating newly discovered venom peptides into commercial therapeutics is challenging
(Prashanth et al. 2017). A range of bioassays (including high-throughput electrophysiology,
fluorescence, and radioactivity-based assays) have been used to accelerate characterization of novel
venom peptides (Koh & Kini 2012). Lacking from these is the ability to efficiently characterize the
physiological properties of the enormous diversity of venom peptides being identified. There is a
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need for new whole-animal in vivo methods that are applicable to scant quantities of venom
peptides.
A striking example of the discovery-to-function gap in venom peptides is the identification
and characterization of peptides from marine snail venom. Predatory marine snails of the conoidean
family, which includes cone snails (Conidae), terebrids (Terebridae), and turrids (Turridae), use
venom peptides to prey on fish, worms, and other mollusks (Craik et al. 2013; Fosgerau &
Hoffmann 2015; Prashanth et al. 2017). Conodiean snail venom peptides molecularly target ion
channels and receptors, and in the case of cone snails, have shown remarkably selectivity for certain
channels and receptors (Jacob & McDougal 2010; Puillandre et al. 2012; Robinson & Norton
2014). Additionally, the compact size of conoidean venom peptides and their enhanced disulfidebridged stability make them good candidates for pharmaceutical drug discovery and development
(Layer & Mcintosh 2006). There are over 15,000 species of conoideans, with an estimated venompeptide reservoir of over a million compounds (Davis et al. 2009). However, less than 2% of
conoidean venom peptides have been functionally characterized to date. Originally identified with
assays in mice, Prialt (ziconotide) is the first conoidean venom drug, and it is used to treat chronic
pain in HIV and cancer patients (Wallace 2006; Miljanich 2004). Ziconotide is chemically identical
to the naturally occurring Conus magus peptide (MVIIA), and has illuminated a new molecular
target for treating pain, namely N-type calcium channels (Miljanich & Ramachandran 1995;
Olivera et al. 1987). Ziconotide’s success has peaked the interest of pharmaceutical companies and
there are several other cone snail venom peptides, conotoxins, in various stages of pharmaceutical
drug development (Eisapoor et al. 2016; Adams et al. 2003; Craig et al. 1999; Miljanich 2004).
Given this, devising new cost-effective strategies to identify the bioactivities of snail-venom
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peptides could further advance their use as biomedical physiological tools and development as drug
candidates.
While conotoxins have received a lot of attention, the venom peptides from terebrid snails
are less studied, representing an untapped resource. Terebrid transcriptomes and proteomic data
reveal that similar to conotoxins, the venom peptides from terebrid snails—teretoxins—are highly
structured and disulfide-rich; two features that benefit stability and pharmacokinetics (Verdes et al.
2016; Gorson et al. 2015; Kendel et al. 2013). However, it is important to note that while
evolutionary similar, teretoxin and conotoxin differ in size, structural integrity and complexity,
suggesting that they might be applicable to different molecular applications (Gorson et al. 2015).
The potential of novel attributes of teretoxins for combating human disease and disorder demands
efficient strategies to characterize these promising bioactive peptides (Essack et al. 2012; Layer &
Mcintosh 2006).
Pain and obesity are two major therapeutic areas for which an improved comprehensive
pipeline that includes high-throughput physiological screening of teretoxin venom peptides could
have an impact. In the U.S., the over-prescription of opioid pain medications has led to an epidemic
of addiction and overdose for which treatment remains elusive (Wachholtz & Gonzalez 2014; Rudd
et al. 2016). Remarkably, a potential solution to nonaddictive pain therapies is the snail venom drug
Ziconotide. As ziconotide’s molecular site of action is N-type calcium channels and not opioid
receptors, it is not addictive (McGivern 2007). However, Ziconotide does not cross the blood brain
barrier and has to be delivered to the central nervous system via intrathecal injection, an invasive
delivery method that limits its use (Pope & Deer 2013; Sanford 2013). Even with its limitations,
ziconotide is a paradigm shifting breakthrough that demonstrates there is an alternative
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nonaddictive strategy for treating pain. As a result, here we examined teretoxins to identify new
snail venom peptides that may have nociceptive properties and are peripherally active.
In a similar manner, in the past 30 years
the prevalence of obesity has reached epidemic
proportions where the morbid obesity rates
continue to rise (Sturm & Hattori 2013). Obesity
is recognized as a major public health concern
and is associated with numerous complications
such as diabetes, cardiovascular diseases and
various forms of cancer (Gallagher & LeRoith
2015; Park et al. 2014; Allott & Hursting 2015).
Obesity is a complex disorder caused by an
imbalance between energy intake and the
expenditure

and

the

interaction

between

predisposing genetic and environmental factors
(Hebebrand & Hinney 2009; Faith & Kral 2006;
Qi & Cho 2008). Several peptidergic systems
Figure 5.1. Schematic representation showing
the pipeline used in this study. Venom glands are
dissected from terebrids in the field. RNA is
extracted in the lab and sequenced using nextgeneration sequencing. Transcriptomic data is
assembled and searched for peptide candidates.
Selected peptides are chemically synthesized,
oxidized and injected into flies. Bioactivity is
measured in several behavioral assays.

within the central nervous system and the
periphery are known to regulate energy
homeostasis. However, the specific gene-gene
and gene-environment interactions involved in
this process remain unclear. A proposed

treatment to combat obesity is being able to restore the energy homeostasis as a result of a
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dysregulation in the peptidergic system (Gale et al. 2004). However, despite several efforts, the
cause of obesity still remains inconclusive and the only effective treatment against obesity currently
is gastric bypass surgery (Bandstein 2016). New compounds that can be used to investigate the
cellular physiology of pain and obesity are needed in order to develop effective treatment.
In the search for new bioactive compounds, we developed a physiological approach using
vinegar flies (Drosophila melanogaster) to screen biologically active teretoxin peptides on
thermosensation and feeding, behaviors that have been used to model pain and obesity. Our
approach uses bioinformatic analyses of transcriptomic and proteomic data coupled with in vivo
pain and diet fly assays to identify and functionally characterize peripherally active venom peptides
from terebrid snails (Figure 5.1). The strategy requires minimal amounts of venom peptide, by
using the gold-standard genetically tractable fly small-animal model. Flies are abundant,
affordable, and amenable to automated behavioral testing, making them suitable for testing venompeptide bioactivity. To establish the viability of this approach, we used several fly assays to
characterize two teretoxins: Tv1 from Terebra variegata and Tsu1.1 from Terebra subulata. The
two peptides had distinct properties: Tv1 displayed reduced avoidance towards noxious heat;
Tsu1.1 increased the number of feeding bouts. The disparate bioactivity of Tv1 and Tsu1.1 supports
the robust nature of our systematic fly behavioral assays for identifying new venom peptides that
may have therapeutic relevance.

Results

Tsu1.1 is a novel teretoxin peptide
We used a bioinformatic pipeline to sequence, assemble and search the Terebra subulata
venom-gland transcriptome for novel-peptide candidates (Figure 5.2A). One of these candidates
was a sequence with 21 amino acid residues (SAVEECCENPVCKHTSGCPTT), which we called
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Terebra subulata teretoxin 1.1
(Tsu1.1)

(Figure

5.2B).

We

compared Tsu1.1 with another
peptide,

Terebra

variegata

teretoxin 1 (Tv1) (Anand et al.
2014). For the two teretoxins, the
cysteine frameworks—a feature
that is used to group conotoxins
into

functional

groups—are

distinct (Halai et al. 2009; Essack
et al. 2012). Tv1 is arranged CC-CC-CC
Tsu1.1

(Framework
is

III)

arranged

while

CC-C-C

(Framework I) (Figure 5.2C). In
cone

snails,

conotoxins

Framework
are

in

the

III
M

superfamily, a group of peptides
that target either sodium (Na+) or
potassium (K+) channels (Akondi
et

al.

2014).

By

contrast,

Figure 5.2. Comparison of Tv1 and Tsu1.1. A. The
bioinformatic pipeline used to identify Tsu1.1. The orange box
indicates the initial steps to generate reads through nextgeneration sequencing (NGS), the green shows the process to
assemble the terebrid venom gland transcriptome, and the
purple represents the final steps that lead to the discovery of
teretoxins. B. Shell images of Terebra variegata (left) and
Terebra subulata (right), scale bar represents ~1 cm, followed
by the sequence of each venom peptide, with cysteines
highlighted in red, and finally the NMR structure of Tv146 and
the predicted I-TASSER structure of Tsu1.1. C. An alignment
of Tv1 and conotoxins in the M-superfamily, followed by an
alignment of Tsu1.1 and conotoxins in the A-superfamily.
Green represents shared amino acids, while red represents
shared cysteine framework

Framework I conotoxins are in the
A superfamily, which target either adrenergic receptors or nicotinic acetylcholine receptors
(nAChR) (Akondi et al. 2014). An alignment of Tv1 and Tsu1.1 with known conotoxins confirms
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that, beyond their cysteine scaffold, Tv1 and Tsu1.1 are not homologous to members of their
respective conotoxin superfamilies (Figure 5.2C) (Anand et al. 2014).

Tv1 and Tsu1.1 have minimal effects on mortality
We comparatively examined the bioactivity of Tsu1.1 and Tv1 teretoxin peptides. In order
to investigate the physiological activity of the two peptides, we determined the levels at which the
two peptides had lethal toxicity. Initial concentration was decided based on previous studies
investigating the bioactivity of Tv1 in polychaete worms, where it was found that Tv1 caused a
partial paralysis at a concentration of 20 μM. However, an initial test with injections of 100 µM
peptide (the highest dosage tested) found that—even at this concentration—neither peptide had
major mortality effects in flies (Figure S1A–B). Based on these results, we used injections of either
100 µM or 20 µM in subsequent experiments to explore Tv1 and Tsu1.1’s non-lethal bioactivities.

Tsu1.1 injections induce mild hypoactivity
While Tv1 had only trivial effects on activity, Tsu1.1 injections had noticeable, though
small, effects on multi-day daytime and nighttime activity (Figure 5.3A, C). Over a five-day assay,
Tsu1.1-injected flies walked 27% less (–226.93 mm [95CI –472.1, 29.29], g = –0.34, P = 0.04)
than controls during the daytime (Figure 5.3B), or a ∆distance of –226.93 mm ([95CI –472.1,
29.29], g = –0.34, P = 0.04) (Figure 5.3B). We investigated if the Tsu1.1 effect was associated
with functional motor deficits using a climbing assay (Bartholomew et al. 2015). Upon injection
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with Tsu1.1, the flies exhibited only small or negligible differences in climbing index (Figure 5.3C

Figure 5.3. Effects of Tv1 and Tsu1.1 on activity and motor coordination of male Drosophila. Activity
was recorded for 5 consecutive days using automated video tracking and measured as the distance travelled
per hour (mm/h/fly). Controls were maintained during the same conditions as the teretoxin-injected flies with
the only difference that they were injected with PBS. A. Activity assay of Tsu1.1; B. Activity assay of Tv1;
C. Climbing index measured the short term effects of the toxins as well as possible disruptions in their motor
coordination. The climbing assays of Tsu1.1 revealed only trivial effects on climbing ability. D. Climbing
assay of Tv1, all at 20 μM and 100 μM. All error bars represent 95% CI. The numbers indicated below each
bar denote the standardized effect size (g). The climbing index was done with at least 15–20 male flies in
each vial.

and 5.3D); this result suggests that Tsu1.1 does not diminish motor coordination.
Injection of Tv1 reduces heat avoidance
Teretoxin Tv1 has the same cysteine framework as known M superfamily conotoxins,
members of which have been characterized for targeting voltage-gated sodium channel (VGSC)
subtypes NaV1.8 and NaV 1.9. These channels have been associated with controlling neuropathic
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pain (Wood et al. 2004; Kalso 2005; Lewis et al. 2012), and some M-superfamily peptides are
potential analgesics (Jacob & McDougal 2010; Robinson & Norton 2014). Based on its similarity
to M-superfamily conotoxins, we examined if Tv1 had analgesic activity. We used an assay that
measures Drosophila heat avoidance, that has been applied as a model of acute pain (Neely et al.
2010). The assay monitors flies’ innate avoidance of noxious 46°C surfaces (Figure 5.4A). The
heat-avoidance assay was performed on flies injected with 100 µM of Tv1 and Tsu1.1 and analyzed
at 1 and 2h time intervals after injection). One hour after injection, control flies injected with PBS
had a heat avoidance of 70.9 [95CI 65.4, 76.4]; Tv1-injected flies exhibited a markedly reduced
avoidance response of 58.6 [95CI 53.0, 64.2]. This represents a 12.33% reduction in avoidance
([95CI -20.31, -4.39], g = -1.02, p = 0.005) after one hour; in terms of standardized effect sizes,
this is a large effect (Cumming & Calin-Jageman 2016). By the second hour, this response
diminished to –4.97% ([95CI –14.34, 4.7], g = -0.43, p = 0.33) (Figure 5.4B). For Tsu1.1, injected
flies displayed heat avoidance that was similar to controls: 70.5% ([95CI 65.5, 75.5]), or an
avoidance change of –2.3% ([95CI -10.4, 5.8], g = -0.26, p = 0.58v). These findings indicate that
Tv1 reduces fly sensitivity to noxious heat.
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Figure 5.4. Thermal nociception in adult Drosophila is diminished by
Tv1. A thermal heat assay used to measure the analgesic effect of Tsu1.1
and Tv1 on adult flies. A. Schematic representation of the assay measuring
thermal nociception. The assay measures the avoidance from a noxious
(46°C) surface. B. Injection with the higher concentration of Tv1 produced
a large reduction in heat avoidance in the first hour: ∆ = –12.33% [95CI 20.31, -4.39], g = -1.02, p = 0.005, N=15. Hedges’ g is a standardized
effect size. C. Avoidance behavior in flies injected with two different
concentrations of Tsu1.1: the control flies and the experimental flies had
a similar heat avoidance.

Tsu1.1 administration increases food intake
Feeding and foraging behaviors strongly rely on a neuronal and endocrinological
connectivity through the gut–brain axis that also includes a peripheral regulation (Oury & Karsenty
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2011; Belgardt & Brüning 2010; Schoofs et al. 2014). Thus, while we do not expect the teretoxins
Tv1 and Tsu1.1 to cross the fly blood-brain barrier, the injected peptides could affect feeding via
peripheral systems. Consequently, we assayed feedings over a 6 h time period using capillaryfeeder assay (Ja et al. 2007) that was adapted for video tracking of single-fly feeding. In the Tv1
experiment, almost no difference in food intake was seen after injection: food intake decreased
only –6.13 nl ([95 CI –23.10, 35.08 ], g = –0.07, P = 0.7) (Figure 5.5E). In the Tsu1.1 experiment,
while control flies injected with PBS drank an average of 214.0 nl [95 CI 180.12, 247,88] the
Tsu1.1 injected flies drank 307.4 nl [95 CI 270, 344.8]: 46% more liquid: an increase of +93.34 nl
[95 CI 41.61, 141.485 ], g = +0.55, P = 0.0002 (Figure 5.5A).

Figure 5.5. Tsu1.1 has effects on food intake by increasing meal frequency. A single-fly feeding assay
was used to assess total food intake , the average number of meals (meal duration , and meal size (over a
6 h period in 5–7 day old adult Canton-S males. A. Flies injected with Tsu1.1 toxin consumed more: +
93.3 nl [95 CI 41.6, 141.49 ], g = +0.55, P = 0.0002, N = 106, 112. B. Average number of feed bouts
where Tsu 1.1 injected flies displayed a dramatic increase: ∆feeding bouts +8.64 [95 CI 0.53, 17.23], g =
+0.53, p = 0.047, N = 106, 112. C. and D. Mean meal duration and volume per feed showed only minor
alterations after injection of Tsu1.1. E. - H. The feeding behavioral effect of Tv1 dissected into volume
intake, feed count, feed duration and volume per feed. All metrics showed only trivial differences. The
data represent the mean differences with their 95% CI. Control data is depicted in grey and injected-fly
data in orange. The numbers below each column denote the effect sizes for the individual driver lines.
The numbers at the base of each column denote the sample size (N).

Tsu1.1 increases meal frequency
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To determine the behavior that produces the increased consumption, we examined the
aspects of foraging behavior (Figure 5.5B). Consummatory behaviors in individual flies were
analyzed over a 6 h period, allowing us to determine three additional feeding parameters: number
of meals, the average meal size, and the meal duration (Figure 5.5B–D). Injection of Tv1 had no
effect on any of the parameters analyzed (Figure 5.5E–H). However, Tsu1.1 injection elicited an
increase in meal count: while control flies had 31.56 meals per fly [95 CI 27.16, 35.96], flies
injected with Tsu1.1 consumed 40.20 meals [95 CI 36.64, 43.76]. This was a +8.64 meals ([95 CI
0.53, 17.23], g = +0.53, p = 0.047) or an increase of 27%. Feed volume and the total feed duration
was also measured, both of which showed very small increases (Figure 5.5C–D). Thus, the
increased feed volume appears to arise largely as a result of an increased number of meals, with
very minor contributions from increased meal duration and volume.

Discussion
This work demonstrates the potential of Drosophila behavioral assays to be used to analyze
the physiological bioactivity of venom peptides. Specifically, we characterized the physiological
effects of two teretoxins, Tv1 and Tsu1.1 from Terebra variegata and Terebra subulata
respectively on thermosensation and feeding, behaviors that have been used to model pain and
obesity. Pain and diet-related disorders are two areas for which new bioactive compounds are
needed to advance therapeutic development.
Previously, Tv1 injected into Nereis virens, a polychaete worm, has been shown to induce
partial paralysis (Anand et al. 2014). This effect was absent in Drosophila (Figure 5.3A and C),
suggesting that the Tv1 binds to targets which are not conserved between polychaetes and insect.
However, our findings did show that injected Tv1 reduces fly heat avoidance (Figure 5.4). This is
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the first demonstration that teretoxins can have an antinociceptive effect. A possible mechanism
of action for Tv1-induced analgesia in flies is by modulation of TRP (Transient Receptor Potential)
channels. TRP channels are like physiological canaries in the mine, they sense external stimuli and
serve as an early warning system for the organism. TRP channels are found throughout animal
species including humans, mice, worms and zebrafish (Figure 5.6). It has been previously shown
that Drosophila TrpA1 is a thermoreceptor and a critical mediator of nociception in flies and
mammals (Hamada et al. 2008; Neely et al. 2011). Prior reports suggest Drosophila TRP is
required for preserving light response, whereas external noxious heat stimuli (>400 C) activates
dTRPA1, Pyrexia, and Painless channels (Lee et al. 2005; Rosenzweig et al. 2005; Sokabe et al.
2008; Venkatachalam & Montell 2007). The decreased sensitivity to noxious heat observed in our
heat avoidance assay for Tv1 treated flies suggests it is possible that Tv1 inhibits one of the three
heat-activated TRP channels. While the Tv1-induced decrease was small, it is a significant finding
in that Tv1 was peripherally administered; therefore, Tv1 could serve as a scaffold for designing
novel peripherally active analgesic peptide compounds.
Alternative to Tv1, Tsu1.1 has an orexigenic effect, increasing food consumption by 46%.
Using a single-fly feeding assay with automated food-consumption tracking allowed us to dissect
several aspects of feeding: intake, meal count, meal volume and meal duration. Of these, increased
meal count appeared to account for some of the food intake increase, while meal volume and
duration underwent only small changes. This increase in feed count does not account for the entire
increase in the total consumption. As Tsu1.1 was administered by injection, it is possible Tsu1.1
affects the peripheral system of the fly and regulates feeding via a neuroendocrinological pathway.
Several studies have been tried to isolate the effect of neuromodulators on feeding (Pool et al. 2014;
Eriksson et al. 2017). A majority of these neuromodulators have a negative effect on feeding most
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likely due to disruptions of its motor coordination. However, previous studies indicate activation
of serotonin, octopamine and dopamine causes an increase in feeding (Marella et al. 2012; Inagaki
et al. 2012; Williams et al. 2014; Eriksson et al. 2017). Further analyses are needed to determine
which, if any, of these systems are affected by Tsu1.1.

Conclusions
We developed a sequence driven:activity-based hybrid approach using venom
transcriptomic analysis and behavioral characterization in Drosophila melanogaster to identify

Figure 5.6. Comparison of TRP channels across the tree of life. Maximum-likelihood phylogeny showing
the relationship between members of the human TRP-channel superfamily and members of Caenorhabditis
elegans (worm), Drosophila melanogaster (fly), Danio rerio (zebrafish) and Mus musculus (mouse) TRP
channels.

venom-peptide bioactivity. Application of our method found that Tv1 reduces heat avoidance in
fly, suggesting that it has an antinociceptive effect, and also indicated that Tsu1.1, a novel teretoxin,
modulates feeding behavior. The orexigenic effect of Tsu1.1 arose primarily from increased meal
frequency, with additional effects from meal duration and volume. Taken together, our findings
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illustrate the utility of Drosophila assays to identify the bioactivity of novel venomics-derived
peptides. This phenotypic-screening approach can help to realize the enormous potential that
terebrid snail venom peptides have as compounds for characterizing cellular physiology, and as
candidate therapeutics.

Methods
Identification of venom peptides
Tsu1.1 was discovered using a transcriptomics and bioinformatics pipeline (Figure 5.2A).
RNA was extracted from the venom duct of Terebra subulata using an RNeasy Micro kit (Qiagen).
RNA was sequenced with an Illumina HiSeq 2500 with a multiplexed sample run in a single lane,
using paired end clustering and 101 x 2 cycle sequencing. Raw reads were first processed on Fast
QC to assess the quality, looking for a phred score ≥30. Low quality reads and adapters were
trimmed using Trimmomatic. The de novo assembly program Trinity (Grabherr et al. 2011a; Haas
et al. 2013) was used with default parameters to assemble the transcriptome. Once a transcriptome
was assembled, EMBOSS’s GetORF (Rice et al. 2000) was used to translate transcripts into Open
Reading Frames (ORFs). SignalP (Petersen et al. 2011) was used to predict signal sequences in
the translated ORFs. As teretoxins are secretory peptides, they are all associated with a signal
sequence that is cleaved off from the mature toxin sequence before envenomation. Only those
ORFs with signal sequences were analyzed using the basic local algorithm search tool (BLAST)
(Altschup et al. 1990) and an in-house toxin database to identify putative toxins homologous to
already known toxins. The sequence of Tsu1.1 was found to be SAVEECCENPVCKHTSGCPTT.

- 97 -

Synthesis and oxidative folding of Tv1
As teretoxins are present only in miniscule quantities in the venom, a greater quantity of
the linear peptide Tv1 was chemically synthesized and purified by previously described methods
and further oxidatively folded into biologically active form (Anand et al. 2014).

Synthesis and purification of Tsu1.1
Tsu1.1 peptide with a sequence of SAVEECCENPVCKHTSGCPTT was synthesized by
microwave assisted Fmoc solid–phase peptide synthesis on a CEM Liberty synthesizer using
standard side chain protection. Following treatment of peptidyl resin with Reagent K [92.5% TFA
(Trifluoroacetic acid), 2.5% TIS (Triisopropylsilane), 2.5% EDT (1,2 Ethanedithiol) and 2.5%
water, 4h)] and methyl tertiary butyl ether (MTBE) precipitation, crude Tsu1.1 checked for purity
on Agilent UHPLC machine and eluted using a linear gradient from 0% to 55% buffer B (80%
Acetonitrile with 20% water) in 3.5 min. The identity of synthesized peptide was confirmed by
molecular mass measurement of purified peptide using 6520 Agilent Q-TOF LC-MS (Figure S5.2
and S5.3).

Oxidative folding of Tsu1.1
A one-step thiol-assisted oxidation was used to prepare folded Tsu1.1 peptide. The linear
peptide (20 µM) was incubated in 0.1M Tris –HCl, 0.1MNaCl,100μM EDTA,1 mM GSH (reduced
glutathione), 1mM GSSG (oxidized glutathione), pH 7.5. The folding reaction was terminated by
acidification with 8% formic acid at 15min, 30min, 1, 2, 3, 4, and 24 h and the folding yield
monitored using UHPLC. A preparative scale folding reaction was then conducted at an optimized
time of 1h, and the folded peptide was purified using X-Bridge semipreparative column (waters).
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Elution was carried out at 5 ml/min with 0% buffer B and 100% buffer A for the first 5min, then
increasing buffer B to 35% in 35min. The purity was confirmed using Agilent poroshell UHPLC
column and the molecular mass of the oxidized peptide was confirmed by LC-MS. The oxidatively
folded peptide was used in all the experiments (Figure S5.4 and S5.5).

Structure prediction
The membrane protein topology and signal peptide prediction was made using TOPCONS
according to the online instructions (http://http://topcons.cbr.su.se) (Tsirigos et al. 2015). Model
structure was made by using the I-TASSER web application (Roy et al. 2010; Zhang 2007). The
quality of the model predicted by I-TASSER is verified using two different score systems: TMscore and a root mean square deviation. These two scoring systems gives an estimate how close
the model is to the native structure and both of these values are computed from a confidence score
(C-Score) (Yang & Zhang 2015; Roy et al. 2010). For the TM-score a value above 0.5 usually
implies a correct topology for the model (Xu & Zhang 2010; Zhang & Skolnick 2004). The top
five high scoring structures based on C-score from the I-TASSER prediction were superimposed
using PyMol (http://www.pymol.org).

Multiple sequence alignment
The ConoPrec tool, which is available on the ConoServer website was used to identify
similar sequences recorded in the ConoServer database (Kaas et al. 2008, 2012). The multiple
sequence alignment was performed using ClustalW software (http://clustal.org) (Thompson et al.
1994).
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Fly stocks
All Drosophila melanogaster flies used in the experiments were male Canton-Special aged
5–9 days at the onset of the experiment. Experimental flies were maintained at 25°C, 60–70%
relative humidity, under 12:12 h light and dark cycles for 4 to 7 days before the experiment day.
If starvation was required, flies were wet starved for 24 h before experiments. Wet starvation was
performed by keeping flies in a plastic vial with 2% agar.

Peptide injection
Concentration of the toxins was determined based on previous studies investigating the
bioactivity of Tv1 (Anand et al. 2014) which concluded Tv1 to cause partial paralysis in polychaete
worms at a concentration of 20 μM. A low (20 μM) and high (100 μM) concentration was used for
both peptides to obtain a range for bioactivity. Injection glass micropipettes (Nanoliter2000
borosilicate glass capillaries, World Precision Instruments, Sarasota, FL, U.S.A.) were pulled with
a horizontal pipette puller (model P-1000, Sutter Instrument Co., Novoto, CA, USA) creating a
11–17 µm wide opening. Freshly pulled needle was blunted by pressing the tip through a paper
tissue. The injection micropipette was then mounted on a microinjector (Eppendorf Femtojet
Express 5248) at an injection pressure of 300 kPa. Flies were anesthetized using CO2 and kept
sedated throughout the entire injection process (maximally for 5 minutes). Anesthesia was
maintained by keeping the flies on a pad consisting of porous polyethylene. A volume of 0.2 μl
was injection by a pulse pressure of 300 kPa under stereomicroscope. Typically, the injection site
was made intra-thoracically beneath the supraalar bristles (SA1, SA2) and the presutural bristle,
into the area between the mesopleura and pteropleura.
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Locomotion assay
Flies were tested using an automated video tracking software measuring the distance
traveled of the flies. Flies were placed in 5 mm × 65 mm glass tubes with food placed at one end
of the tube and a cotton plug in the other, allowing proper respiration of the flies. The food was
allowed to air dry for one hour (to prevent flies from drowning in wet bait) before the flies were
added. A total of 56 flies were used for each bioactive peptide with the same number of control
flies injected with the vehicle. To determine phenotypic defects in the flies upon injection of Tv1
and Tsu1.1, we examined their activity using an automated video-tracking assay. The activity
assay employs video tracking to measure the total distance (mm/h/fly) over five consecutive days
and excludes a 24 h habituation period. The tracking assay measured the long term and short term
effects of distance travelled and circadian rhythms of the flies. The flies were tracked with
computer vision code in LabVIEW using standard background subtraction and centroid methods.
Behavior data was analyzed and plotted with Python using Jupyter and the scikits-bootstrap,
seaborn and SciPy packages. Data was collected for five consecutive days with the first day
subtracted from the assay, a habituation period. The data was then averaged by hour over the entire
duration of the experiment.

Thermosensation assay
A thermosensation pain assay for adult Drosophila was performed as previously
described53. Approximately 20 flies, 5 to 7 days old were placed in sealed behavioral chamber
(Petri dish measuring 35mm x 11mm; Nunclon). Flies were allowed to acclimatize to the
environment for 60 min at room temperature. Using a water bath, the bottom of the chamber was
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heated to 46°C. The chambers were heated for 4 min where after they were removed from the
water and immobilized flies were counted. The percentage avoidance was calculated by counting
the number of flies that failed to avoid the noxious temperature compared to the total number of
flies in the chamber. The distance from the heated bottom for each fly was not taken into
consideration.

Climbing assay
Twenty-four hours before the experiment, male flies were separated from the females and
transferred to a newly prepared food vial. No more than 20 flies were kept in the same vial. After
the habituation period, five flies were transferred to 50 ml serological pipette tubes (Falcon, USA)
that was cut to 50 mm in length. The top and bottom of the tube were sealed with parafilm with
three small holes to provide ventilation. Flies were habituated to the new environment by lying flat
on the surface for one hour at 25°C. The tube was tapped against a hard surface at the beginning
of the experiment to place all the flies at the bottom of the vial. The time for each fly to reach the
top marked point was recorded. Any flies that could not reach the top mark within 60 seconds were
marked as failure to climb. Climbing index was calculated as a range from 0 to 1 for the number
of flies that managed to reach the top mark within a certain time. A failure to reach the top mark
gave them a score of 0 and a success a score of 1. An average for all flies was calculated for all
the trials.

Feeding assay
Male flies were anesthetized by cooling and placed in chambers for the feeding assay,
where capillaries delivered liquid food (5% sucrose, 10% red color food dye in deionized water)
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to the fly. The experiment was conducted within an incubator that was maintained at 22°C (Ja et
al. 2007). The individual toxins were tested on different days; all experimental conditions were
kept constant in between and during each experiment with respect to: temperature, humidity,
circadian time, days after eclosion and the sex of the flies. The level of the fluid was monitored
using video tracking for 6 h. Each capillary was accessible by a single fly kept in a 12mm × 12mm
× 2mm chamber cut from acrylic. The food intake assays for the individual fly lines were not
performed concurrently but with identical duration, start time for the experiment, age and sex of
flies, temperature and starvation time. For experiments involving starvation, flies were wet starved
for 24 h before the start of the experiment; during wet starvation, flies were deprived of food but
not water in a vial containing 1% agarose dissolved in deionized water. Different sets of flies were
used for the vehicle and toxin injections, as well as for the fed and the food-deprivation.

Determination of effects on activity and motor coordination
Flies aged for 5–7 days after eclosion were anesthetized using CO2 and single flies were
transferred to glass tube (5 mm x 665 mm) containing food in one end and sealed with a plastic
cap with the opposing end sealed with a cotton wool plug. Standard fly food was used for both the
experimental and negative control. One hour prior to the start of the experiment flies were
anaesthetized and injected with the toxin. The flies were allowed to recover for one hour before
being transferred to the glass tubes and inserted into the arena within a light and temperature
regulated incubator. The temperature was set to 22°C with a 60–70% relative humidity, under
12:12 h light and dark cycles. When comparing experimental and control flies, they were
distributed with 56 control flies and 56 experimental flies on each side of the arena. The flies were
habituated for 24 h before commencing the experiment. The activity was automatically measured
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by tracking the path of each individual fly by means of video tracking and calculated as the
numbers of crosses over the midline of the glass tube along with distance travelled. To assess sleep
duration a threshold for sleep was used and is according to previously published protocols for sleep
assessment in Drosophila: a period of inactivity lasting for at least five consecutive minutes
(Cirelli & Bushey 2008) sleep duration was measured as the cumulative amount of sleep in a 24 h
period measured in minutes.

Statistics and analysis
The data was analyzed with estimation methods to calculate mean, mean differences, confidence
intervals (Claridge-Chang & Assam 2016), and Hedges’ g where appropriate (Cumming & CalinJageman 2016). Data is presented for each individual fly as well as the mean difference in
estimation plots. 95% confidence intervals for the mean differences were calculated using
bootstrap methods (resampled 5000 times, bias-corrected, and accelerated) and are displayed with
the bootstrap distribution of the mean. Effect size was measured using Hedges’ g and are as per
standard practice referred to as either ‘trivial’ (g < 0.2), ‘small’ (0.2 < g < 0.5), ‘moderate’ (0.5 <
g < 0.8) or ‘large’ (g > 0.8) (Cumming 2012). Hedges’ is a quantitative measurement for the
difference between means and is an indication of how much two groups differ from each other
where a Hedges’ g of 1 shows that the two groups differ by 1 standard deviation. Commonly used
significance testing and power calculations were avoided following recommended practice
(Altman et al. 2000; Cumming 2012) the Mann Whitney U statistic was used to calculate P values
for pro forma reporting exclusively. To indicate estimate precision, 95% confidence intervals
(95CI) were calculated using bootstrap methods and reported in text and/or as error bars (Cumming
2012). The data for behavioral data is presented as mean-difference estimation plots. Confidence
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intervals were bias-corrected and accelerated and are displayed with the bootstrap distribution of
the mean; resampling was performed 5,000 times. While P values reported are related to two-tailed
Student’s t-test statistics, significance testing was not performed (Claridge-Chang & Assam 2016).
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Chapter Six
Concluding remarks and research implications
The research presented in this dissertation examines the terebrid family using a
multidisciplinary approach to examine terebrid taxonomy and phylogeny, and terebrid
diversification and function due to venom variation. Terebrids are an ideal group for a case study
investigating diversification driven by evolutionary innovations because of the more than 400
described terebrid species, which are highly representative of a broad range of anatomical feeding
strategies, more so than any other taxon of venomous marine organism (Castelin et al. 2012). This
group has several features that are potentially impactful to diversification rates as they are highly
variable with respect to size, depth ranges, biogeographical distribution, and larval development.
Terebrids are also closely related to cone snails, which have been researched since the 1970’s and
have thus provided a foundation for terebrid investigations.
Our results shed light into the evolution of the Terebridae family and identified possible
drivers for the vast diversity that exists within this family. Specifically, an updated phylogeny with
over 1,500 samples was constructed and used to analyze key traits of the Terebridae (Chapter 2).
We have generated a significant amount of transcriptomic resources that have allowed us to
identify putative venom peptides in seventeen species of the Terebridae (Chapter 3). A thorough
examination of the gut content of terebrids was used to help explain the gut diversity and venom
variation seen in the Terebridae (Chapter 4). And finally, a high throughput bioassay was created
to test two putative teretoxin venom peptides identified via transcriptomics (Chapter 5). The
general conclusions of this dissertation research are the following:
1. Across-clade diversification is constant in the Terebridae, while across-time terebrid
diversification is slowly increasing due to decreased extinction rates. Our results indicate
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that the slow increase observed across the entire Terebridae family cannot be attributed to
a specific trait found in a terebrid lineage, but rather a trait found across the entire family.
This finding is possibly caused by an ecological release initiated by colonization of deep
waters in conjunction with a rise in sea levels (Chapter 2).
2. Twelve unique feeding types were identified in the Terebridae, which is an increase from
the three feeding types previously identified by Miller in 1970. Surprisingly, these feeding
types are not influencing diversification rates in the Terebridae (Chapter 2).
3. Over two-thousand putative toxins have been identified, the majority of which are
teretoxins, but some belong to other toxin classes, such as kunitz-type serine protease
inhibitors, conopressins, and actinoporins, which demonstrates the convergent evolution of
venom peptide genes across distantly related taxa. Twenty-seven teretoxin gene
superfamilies were identified, all of which are unique from known conotoxin gene
superfamilies. Additionally, there is a vast discrepancy between the venom peptides
identified in terebrids and those identified in cone snails, which highlights the importance
of continuously increasing the pool of venomous organisms being investigated (Chapter
3).
4. For the first time terebrid diet was molecularly identified to be comprise of marine annelids,
the most predominant genera being Spio and Scolelepis. Though terebrids have varying
foregut anatomies, sizes, and habitats, we did not find a correlation of these traits and diet
preferences for different annelid genera. However, it appears that terebrids follow the niche
variation hypothesis that populations with wider niches are more variable than those with
a narrower niche. Terebrids have a wide niche and are found globally and across
bathymetric ranges and are extremely variable in their foregut anatomy, size, and larval
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development. Additionally, there is a statistical difference explaining the disparity in the
diversity of prey being consumed, where those species lacking a venom apparatus consume
a more diverse prey than those with a venom apparatus. This supports the hypothesis that
venom can lead to prey specificity (Chapter 4).
5. This dissertation was the first to identify the bioactivity and potential molecular targets of
two novel teretoxins, Tsu1.1, from Terebra subulata, and Tv1, from Terebra variegate. A
high-throughput bioassay using Drosophila determined that Tsu1.1 has an orexigenic
effect in Drosophila and may have a molecular pathway similar to cannabidiol, which
inhibits GABA receptors and induces hunger. Alternatively, Tv1 has an analgesic effect
and may have a possible mechanism of action that modulates TRP channels, which is a
critical mediator of nociception in fruit flies, as well as in mammals (Chapter 5).
It is important to note the results obtained in this dissertation would not be possible without
the innovative advances made in molecular technological capabilities. Due to what we refer to as
the “rise of the –omics” (genomics, transcriptomics, and proteomics) studying an underrepresented
group of marine snails that are small in size is now feasible (Gorson & Holford 2016). Several of
our findings are reported for the first time, for example, we are the first to molecularly identify the
prey of terebrids, and these firsts are in large part due to the use of Next Generation Sequencing,
bioinformatics, and high-powered computational clusters. While transcriptomics, was
predominantly applied to obtain our results, a concerted effort was made to validate our
conclusions using genomics and proteomics. Unfortunately, the small size of terebrid venom ducts,
coupled with the solvent in which our venom gland samples were stored (RNAlater) impeded our
efforts to obtain sufficient amounts of crude venom for proteomic examination. Proteomic analysis
would validate the putative teretoxins identified through transcriptomics and provide data not
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possible by transcriptomics, such as identifying post-translational modifications and elucidating
low expressed or unique venom peptides that were undiscoverable through homology searching.
The negative data from multiple attempts for proteomic analyses were not included in this
dissertation. Similarly, multiple attempts were made to solve the genome of several species of
terebrids representative of those with and without a venom gland. A genomic analysis would
provide details about the structure, organization and expression of venom peptide genes, which
could provide insights into the molecular mechanisms that are driving the evolution of venom
genes. However, the genomes of venomous animals are very complex and include a large number
of repetitive genomic elements that make it difficult to assemble (Vonk et al. 2013; Elsik et al.
2014). As with the proteomic data, we did not include the negative results obtained from our
genomic attempts in this document.
Explaining the enormous biodiversity on our planet remains an ongoing quest for scientists.
This dissertation is a significant advancement in determining how predatory marine snails of the
Terebridae evolved and in a broader sense addresses the convergent evolution of venom. Terebrids
are a non-model organism and studying them have led to findings that question what are considered
norms of venom evolution, e.g. venom variation is an innovation that leads to speciation and
diversification of venomous animals. While this appears to be the trend for snakes, our findings,
while limited, do not directly support this hypothesis. This dissertation strongly suggests that
neglected predatory organisms such as venomous sea snails of the family Terebridae, offer a
unique perspective for investigating the evolution of venomous animals.
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APPENDIX

Figure S2.1. Terebrid tree, with rates of shell length evolution inferred using BAMM. Red circles represent the
lineages that likely underwent evolutionary rate shifts. The red line represents the single species Myurella pertusa,
while the light blue lines represent clades B and C.

Figure S2.2. BAMM results for size rate over time. Rate vs. time plot from the size trait analysis, where “trait rate”
is given as change per million years, and “time before present” is in millions of years.
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Figure S3.1. Assembly completeness statistics based on BUSCO percentages. Percentages of BUSCO metazoan
genes represented in the transcriptome were calculated. Light blue represents complete and single copies of genes,
dark blue represents complete and duplicated copies of genes, yellow represents fragmented genes and red represents
missing genes.
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Table S3.1. Terebrid Trinity de novo assembly statistics.
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Figure S4.1. Correlation of terebrid diet and phylogenetic clade (A) and shell length (B). There is no statistical
correlation between diet breadth and phylogenetic clade, but we do see that clades C, D, and E2 have the lowest gut
diversity, while clade B has the highest gut diversity. Similarly, we do not see a statistical correlation between shell
length and genera of prey consumed, but our data is biased because the majority of samples being analyzed are < 90
mm.

- 113 -

Figure S5.1. Mortality effects of Tv1 and Tsu1.1. The venom peptides Tv1 and Tsu1.1 have little if any effect on
72-h mortality. The percent mortality is corrected for the mortality of vehicle-treated controls.

Figure S5.2. Solid-phase synthesis of Tsu1.1 peptide. RP-UHPLC chromatogram of Tsu1.1 linear peptide at 214nm.
Linear peptide show a single peak at 2.3 min on a gradient of 0% to 35% B (80% acetonitrile in water).
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Figure S5.3. Mass Spectrometry analyses of linear Tsu1.1. LC-MS showing the monoisotopic mass of the linear
peptide 2194.92Da (M+1) with the expected mass of 2194.88 (M+1). Spectrum shows m/z of +2 as 1098.46 and +3
as 732.65Da.

Figure S5.4. Oxidative folding of Tsu1.1. RP-UHPLC chromatogram of Tsu1.1 fully oxidized peptide at 214nm.
Folded peptide show a single peak at 1.52 min on a gradient of 0% to 35% B (80% acetonitrile in water).
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Figure S5.5. Mass Spectrometry analyses of linear Tsu1.1. LC-MS showing the monoisotopic mass of the linear
peptide 2194.92Da (M+1) with the expected mass of 2194.88 (M+1). Spectrum shows m/z of +2 as 1098.46 , +3 as
732.65Da and +4 as 548.72Da.
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